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ABSTRACT

A review is given of the effects of radiation on various photonic n,odulator  materials and devices including polymer-
based structures, insulator-based devices, semiconductor-based drwices and spatial light modulators. We conclude by providing
recommendations for further work in the area of radiation effects in photonic modulators.

2. INTRODUCTION

Our purpose in this paper is to assess the technology of active photonic modulators from the point of view of radiation
hardness assurance (RI-IA). We will briefly review photonic modulators by examining the characteristics of four categories of
devices: polymer-based modulators, insulator-based modulators, semiconductor-based modulators and spatial light modulators
(SLMS). For each of the first three categories we will begin by listing the advantages and disadvantages, without regard to RIM,
then very briefly examine operating characteristics, and finally focus on the issue of RHA for each class of modulator. In the
case of SLMS, because there is such a wide variety of these devices, we employ the basic feature of spatial light modulation as
a common characteristic, irrespective of the material type, and examine a sampling of such device types, and then consider the
issue of radiation effects in SLMS.

A basic requirement of all active modulator types is the necessity for modulating an information-containing light beam
using some controllable external parameter. This may be the light beam itself, a second control light beam, an acoustic wave, or,
most commonly at this point in time, an electric field, all of which are used to modify the refractive index and/or the absorption
spectrum of the material. Thus, one of the most important properties of a potential modulator material is the strength of the
electro-optic  (EO)  effect. In Table 1 below, we summarize EO coefficients for various materials used to construct modulators.

Tab e 1. E1 lectm-o.;ttiefficients  of various mat~rials wed-for  modukztors.

Ma@ht! J31ectro-optic_ coefflcienL r... pm/V
GaAs

r41
=-1.5

InP r =-1.4
KDP I~=8,rtJ=lrr
LlNbo3 rj, = 30.8, r~, = 28, r,, = 8.6, rz, = 3.4
2-methyl-4 -nitroaniline r =67
SiOz r~~ = 1.4, 111 = 0.6
Monoazo nitroamine  diepoxide-  1 and amino benzylamine-2 rj:, = 32
in tetrohydrofuran
Polyimide-containing  dye, DCM r3, =4.1
4-nitrophenol  in photolime  gel 33= loto40r
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3. POLYMER-BASED MOIIULATORS

Introduction

Polymem represent a particularly exciting material class for the manufacture of waveguides and electro-optic  (EO)
modulators. In addition to having attractive EO properties, polymers possess a demonstrated compatibility with many types of
other material technologies, including III-V  semiconductors [ 1–3] and Si [1,3--8]. These attractive features, along with the
general dramatic growth in work on optical systems and modulators, noted by Jabr [9], have led to a wide variety of demonstra-
tions and research accomplishments in the use of polymers as waveguidcs  and EO modulators [ 1–1 9].

The important features of polymers that result in this class of materials tjeing well-suited to waveguide and EO modu-
lator applications include the following:

1. Compatibility with a variety of substrate materials including Si, GaAs, glass, metals and plastics [1].
2. Polymer waveguide fabrication compatible with Si VLSI process fabrication technology [5].
3. Various waveguide shapes easily defined with standard photolithographic techniques [1-3,5,8].
4. Polymer waveguide layers easily stacked on top of one another [5].
5. Very low dielectric constant which allows for very high speed operation [1-5].
6. Easily defined large area multiple guiding regions [3].
7. High waveguide packing densities [3,5].
8. Low waveguide propagation losses (<0.1  dB/cm) [3].
9; Low, CMOS-compatible drive voltages [5].
10. Refractive indices at optical and RF frequencies are comparable allowing good velocity matching in microwave-
optical modulators [4,6].
11. Low cost, low temperature fabrication [3,5,8].

While there are many advantages to polymer EO modulators, at the present time there are also disadvantages which
include the following:

1. Polymer EO modulator technology is very new and is changing and evolving rapidly.
2. Commercial off-the-shelf polymer EO modulators are not yet available.
3. Structural and optical properties of polymers can be sensitive to the external environment.
4. For EO modulators, the poling of the polymer, necessary to establish strong EO properties, is sensitive to environ-
mental effects, especially high temperature [3,6,8, 13, 19-22].

Materials/Operating Characteristics

A variety of polymers have been used to fabricate thin film waveguide and EC) modulator materials and devices. In the
case of waveguides where eleetro-optic  modulation is not required, the fabt ication consists of deposition, patterning and waveguide
definition through implementation of appropriate refractive index variations. Deposition can be done in a variety of ways includ-
ing dipping, roller coating, spraying or most frequently, spin coating onto a variety of substrates [1]. Patterning and area defini-
tion of waveguides are easily accomplished with standard photolithographic techniques. Some of the more successful recent
polymer waveguide fabrication techniques include photolime gel polymers used to construct complex structures, such as chan-
nel waveguide arrays that allow wavelength division multiplexing (WDM)  at 12 different wavelengths [2,3], as shown below in
Figure 1; polyamides of various types [7,23-29]; polyphenylene [17]; and crosslinked  liquid acrylate monomers [21].

Similar materials have been used to construct polymer electro-optic devices with the additional requirement of induc-
ing a large enough EO effect to allow the resulting structure to function as an EO modulator. Strong second order nonlinear
electro-optic effects (Pockels effect) are usually achieved by dclping the host polymer with an appropriate dipolar molecule, and
poling the polymer so that it is noncentrosymmetnc  with the molecules aligned to form a uniaxial, EO active material, [1,3-
6,8,10,13,15,19,20,26,30]. The poling process is conceptually simple [31], but it is often difficult to achieve stable, optimum
results in practice. The temperature of the doped polymer is raised to near the glass transition temperature, T~, of the polymer
and a DC electric field is applied to the film. The dipolar dopant molecules then align themselves in the direction of the electric
field rendering the polymer noncentrosymmetric.  The polymer is then cooled while still applying the electric field.
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Figure 1. Implementation of a 12-channel single mode polymer waveguide  wavelength division dernultiplexing  device on a semi-
insulating GUAS substrate [3].

The dopant molecules used to achieve electro-optic eflects must have appropriate characteristics which include the
following:

1. The electronic structure and bonding must be such that the mole.cule is capable cjf responding to the electric field to
achieve a preferred alignment.
2. The molecule must be physically and chemically compatible with the host polymer.
3. The molecule must not induce significant absorption at the operating wavelength of the polymer }30 device/waveguide,
4. The poling field and temperature that are used must not damage  the host polymer.
5. The molecule must be stable and maintain its electric field-induced alignment characteristics at the operating tem-
perature of the EO device.

A review [19] of attractive dipolar dopant molecules that have been studied indicates a wide variety of useful mol-
ecules, many of which are quite exotic and specialized, Of the desirable characteristics listed above, the fifth is the most difficult
to achieve and is responsible for impeding the development of practically useful polymer F,O devices. With many combinations
of polymer hostidopant guest molecules, the dopant molecules begin to lose their alignment and the material gradually returns
to its pre-poled centrosymmetric  state after some period of time. The close[ the operating temperature is to the poling tempera-
ture, approximately equal to T~, the more rapidly the EO effect decays away. The stability of the material system is dependent on
exactly how the dopant is incorporated in ~he polymer and how the poling is done. Several techniques [32-38] have been tried to
increase the stability of the poled material including choice of a polymer with a high T& (the polyamides are attractive for this
reason) [8]; maintenance of field and temperature for extended periods [32]; use of proper poling field polarity and gas ambient
[20]; and use of cross-linking [3,6,35,36,38] or main chain incorporation of dopants [34,37].

Following waveguide formation and poling of EO-sensitive dopants  in the polymer, light modulation can be achieved
with either the second order 130 effect (Pockels effect) using applied electric fields, or with the third order Kerr effect using high
intensity light beams. In the first case, the applied electric field alters the refractive index which, in turn, causes a phase shift of
the carrier light bcarn. For the Kerr effect, modulation is achieved by opticxd intensity-induced changes in the refractive index.

One of the more cmnrnon  types of modulators is the Mach-Z.ender (MZ) interferomctck  in which an incoming light
beam is split between two branches and then recombined at the output of the device.. Schenlatic diagrams of the formation of a
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nonlinear optical (NIX)), simple polymer-based MZ device arc shown in Ijigure 2. At the top of Figure 2, we show the critical
poling step with application of a large electric field at high temperature. As implied by the diagram, in many cases poling also
serves to form the waveguide  since the poled clopants induce a refractive index change. As shown at the bottom and right, an
electrode is placed over one branch so that an electric field can be applied to cause a phase shift of the light beam in one of the
branches. The phase shift in one beam then results in a modulation when the two beams arc recombined due to the interference
between the beams. The voltage, V,X, required to produce a phase change of n ovel the lensth of the electrode arm is given by

v
kgan .—— (1)

n~r 1.

where L is the wavelength of the light, g is the distance between the electrodes, r is the liC) cocfticient and L, is the length of the
active region (see Figure 2) [39,40]. For a typical polymer, the approximate value of lb,% at k = 1 pm is

A lxlo–6nl—x
? —=8.1x103 volt s (2)

nir 1 .6~x30xlo-  12 ~
v

which results in an acceptable value of V,. if gfl- is of the order clf 10-1 or less, a thickness to length ratio that is easily achieved.
The material properties of polymers, which easily allow the fomlation of very thin films, arc particularly well-suited to minimiz-
ing the g/L ratio.
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Figure 2. Fabrication of a simple Mach-Zender  interferometer using poled polymer active wave guides [10].

Mach-Zender-like  modulator structures have been fabricated with polymers by va!-ious workers [ 1,3-6,10,1 9]. An all-
polyimide Mach-7xnder  modulator was constructed with an electrode length of 1.7 cm and operated at 200 MHz [5]. Because of
the ease with which polyimide layers can be stacked, the authors successfully demonstrated a 3-level stack of MZ devices. Paul,
et al [6] used thcrmosetting  epoxies as a polymer host to fabricate phase niodulators on Si substrates. Under the poling condi-
tions used, the epoxy experienced additional curing resulting in a stable poled condition at room temperature. No change was
observed in poled EO activity for more than a 1000 hrs at 85*C. Because the poling was effective and produced a large rqt value
of approximately 32 pn~/V, the value of V, was less than 5 V and compatible with CMOS integrated circuits. in addition, the
modulator was capable of operation at 18 GHz. In a similar modulator development effort, Teng, et al [4] were able to den~on-
strate device operation at 40 GHz. Other work [ 1 ] has also focused on the development of high bandwidth (20 GHz) modulators
using poled polymer structures. Compared with LiNbOt, polymer modulators are superiol  at the high bandwidths required for
microwave modulation due to the fact that polymers have an optical refractive index equal to their microwave frequency refrac-
tive index, so that velocity (phase) matching in traveling wave microwave modulators can be nearly Iossless  in polymers.
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General Radiation Effects in Polymers

Prior to specifically examining the work that has been done on ] adiation effects in polymer EO devices, we briefly
review the more general subject of radiation effects of all types on polynler materials. One reason for this is that we wish to
establish in general the susceptibility of polymers to these effects. This is necessa~y because to date, only limited work [41 ,42]
has been done directly on the effects of radiation on polymer EO devices.

An extensive body of work in the literature [41-77] has established that the physical, chemical, electrical and optical
properties of a wide variety of polymers are susceptible to radiation effects. Here the term “radiation” is intended to include not
only particles, gamma rays and x-rays, but also UV and laser light. These effects range from major macroscopic effects such as
laser-induced surface ablation [43-47] to the effects of ion bombardment on the electrical conductivity of polymers [48].

Much of the work on radiation effects is concerned with the use of radiation as a tool to modify the properties of a
particular polymer. For example, UV light has been used to attach the E()-active dopant to the polymer matrix [5 1 ], and to create
refractive index patterns in polyimide films doped with UV-sensitive  benzoin  type photosensitizers [52]. Other recently reported
examples of radiation-induced modification processes include crcmslinking  of poly(tetrafluoroethy lene) by x-rays and electrons
[53], radiation-induced formation of diene, triene and tetraene from polyethylene in the presence of acetylene [54], electron
irradiation-induced polymerization of fullerene (Ca)  films grown on GaAs [55], electron irradiation-induced gelation of blends
of polystyrene - polyvinyl methyl ether) [56], and gamma ray il radiation and Xe and O ion implantation-induced grafting of
st yrene in poly(vinylidene fluoride) films [57]. Other studies [61-64] have shown that radiation can also alter the electrical
conductivity of a polymer.

A variety of effects have also been observed in polymers as the result of ion bombardment [65-68]. Ion implantation
with a variety of ions into poly(p-phenylene vinylene)  films resulted in changes in both the electrical and optical properties of
this material [65]. The absorption edge was found to shift from the UV toward the visible, an effect attributed to the narrowing
of the band gap of the material. A doping effect on the conductivity was observed for low energy implants, but the magnitude
was much smaller than the damage-induced increase in the conductivity. In a study [66] particularly relevant to this assessment,
it was shown that ion implantation with H, Li and B caused an increase in the refractive index of polyallyldiglycol  carbonate
polymers. Typical results are shown in Figure 3. Thus, optical waveguides can be made by selective ion implantation into films
of this material. The radiation damage-induced increase in refractive index was attributed to structural changes that were propor-
tional to the amount of deposited energy. It has also been shown [68] that radiation damage can enhance the diffusion of heavy
ions like Xe in a polymer film, thus also substantiating the radiation- incluced rearrangerne.nt  of chemical species that can lead to
structural modifications of polymers.
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Figure 3. )?cfractive index variation induced by various ions implclnted in polyallyldiglycol  carbonate [66].

Several other studies [69-73] have emphasized the effects of radiation under natural space environment-like conditions
and have shown that significant changes occur in the properties of polyn lers. For example, it was shown that exposure of
poly(arylene ether)s to 1 MeV electrons while under high vacuum caused changes in molecular weight, solvent volubility and
tensile strength [72]. Similar effects were observed after exposure of poly(nlethy]  methacrylate)  to x-rays in a vacuum [73].



Finally, we note that there also have been recent studies of the combined effects of radiation and other types of stress
such as thermal heating [74-77]. Studies [74] have shown that combined heating and irradiation affect the refractive index of
poly(p-xylycne) films,  while exposure to visible light and heating causes phaie transitions to occur in poly(N-isopropy lacrylamide-
co-chlorophyllin) gels [75]. In an interesting study [76], it was demonstrated that electron irradiation reversed the effects of
physical aging of glassy polymers such as polystyrene, poly(methyl  methacrylate) (PMM A) and polycarbonate. The extent of
this “deaging” was proportional to dose and it was suggested that this phenomenon was due to radiation-induced internal gas
evolution that produces an increase in free volume within the polymers.

These recent examples, together with a large body of work in the earlier literature, clcady attest to the general sensitiv-
ity of polymers to various types of radiation. Often the effects are positive as in the case of radiation-induced stabilization of a
poled EO polymer. It is important to note, however, that in contrast with ionizing radiation effects in commercial Si MOS-based
devices, relatively large radiation doses are required to cause significant effects in polymers. In spite of this, however, the use of
these attractive materials in modulator applications in radiation environments must be accompanied by characterization studies
which establish radiation hardness assurance guidelines for these materials and devices.

Radiation Effects in Polymer Modulator Materials

in the only studies [41,42] specifically y intended to determine the effects of radiat ion on electro-optic (lIO) polymers,
two types of EO polymers were examined before and after 3 MeV electron irradiaticm  to a rnaximurn dose of 44 Mrad. The first
type of polymer studied was a PMMA host doped with a guest chromopho]  e, Disperse Red 1 (DR 1 ) dye, while the second was
a syndioregic cinnamarnide main chain polymer in which the EO active material is incorporated in the polymer main chain. Both
polymers were poled near T~, which was 95”C for the PMMA and 2080C for the main chain material.

In the first study [41], detection of the effects of electron irradiatio~,  was complicated by the fact that the temperature at
which the samples were held was high enough to cause significant decay of the EO activit y over a period of days, especially for
the PMMA samples. Thus, the poled state of the samples was not very stat~le. FollcJwin~ irradiation of the PMMA, additional
decreases in the EO activity were observed. In the case of the main chain polymer, no effects of irradiation were seen at the
maximum dose of 44 Mrads.

In subsequent work [42], accelerated aging of the EC) activity was studied in unirradiated and electron irradiated
PMMA/DR 1. At 940C significant decay of the EO activity was observed in less than an hour, whereas in the first study similar
changes required several days at room temperature. As shown in Figure 4, the rate of decay of P.O activity at 940C was observed
to increase with electron dose. The authors suggested that this reduced stability after in adiation may be due to a lower glass
transition temperature which results from polymer chain breakage since ctlain scission in J’MMA  under irradiation has been
observed previously. We note, however, that our review of recent work has shown that radiation-induced crosslinking is widely
observed, and in fact has been used to further stabilize the poled state rather than makin~ it less stable. Thus, other types of
polymers may behave differently than the PMMA/DRl.  We also note that the doses required to cause significant changes in the
behavior of the PM MA/DR 1 were generally well above typical close re.quircrnents  for most applications.
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Figure 4. Decay of EO activity in PMMAZDR1  at 94°C for unirradiated and electron irradiated material [ajier 42].



4. INSULATOR-BASEI)  MODULATORS

introduction

Although the Section heading is general, this Section is essentially devotecl to an assessment of ferroelectric LiNbO,
and LiTaO~ materials and devices. Clearly, the development of optical modulators has been dominated until recently by L.iNbOl
in terms of both the longevity of research and development, and the variety of commercially available devices. However, there
are still problems with this technology, and challenges to be met by continuing research. As recently as 1993, with regard to
LiNbOJ, it was stated that “predictable and reproducible performance has been difticuli to achieve and maintain, in spite of the
fact that LiNbOa research goes back nearly 20 years” [78]. It is not a highly controversial statement to say that LiNbO~ process
technology will probably never reach the level of precision and control that has been achieved already by semiconductor process
technologies. This, of course, is one reason why we suspect that ultimatel y the high level of reccmt research activity on semicon-
ductor modulator structures will lead to a dominance over LiNbO~ by thrse  materials, especially in integrated devices where
electronic digital functions are placed on the same chip as photonic  functions. At the present time, however, LiNbOj-based
modulators have several advantages including:

1. Long history of research and development.
2. Commercially available devices.
3. Well-established electro-optic  (E30) LiNbO~ material processing techniques: Ti in-diffusion and proton exchange.
4. Large refractive indices and EO coefficients.
5. Refractive index easily increased with dopants facilitating waveguide definition.
6. Waveguidc  width, effective depth and peak refractive index change can be independently controlled with processing
parameters.
7. Availability of large, optical quality Czochralski-pulled single crystal bmrles.
8. Highly stable poled ferroelectric single crystal domains in as-received boules. “l’he high Curie temperature (1 150”C)
of LiNbOl means that the poled state of LiNbOq  is more stable than that of the polymers discussed in the previous
Section.
9. Minimum power usage when voltages are applied due to insulating nature of LiNbO~ and I.iTaOq.

As we have noted, the LiNbOq/LiTaO~  EO technologies also have significant disadvantages, including the following:

1. Process technologies not as well-controlled as those for semiconductors.
2. Critical, unexplained materials issues, in spite of many years of research [78].
3. Difficult to grow thin films of proper quality for EO devices.
4. Incompatibility with semiconductor process technologies and digital/photonic integration with semiconductor de-
vices on a single chip.
5. Device instabilities, especially for fabrication by the proton exchange process.
6. Detrimental pyroelcctric and photorefractive effects. (These effects can bc used to advantage, however, as in LiNbO~
holograms [79].)

Materials/Operating Characteristics

We begin by briefly reviewing the pertinent characteristics of LiNbO~ and LilaO1 lnaterials and devices. More exten-
sive discussions can be found in the literature [78,80,81]. Of the various metals that c~rl be diffused into LiNbOj to form
waveguides, Ti is the metal of choice, and Ti-diffused  waveguides are found in the majority of 1.iNbO~  IX) devices. The advan-
tages of Ti are as follows:

1. Ti can be patterned into any geometry using standard photolithographic methods,
2. Ti produces fairly large and approximately equal index changes for both the ordinary index, no, and extraordinary
index, n, [82]. At a wavelength of 0.63 pm, the change in n, is nearly linear and varies as An, = 6x 10 ~ for each % change
in Ti weight concentration. The Ti-induced  index change exhibits a small inverse dependence on wavelength [83].
3. Ti does not cause additional absorption of light in the visible or near IR [84].
4. The diffusion coefficient of Ti is large enough to allow the fomlation of tightly confining waveguides at reasonable
diffusion temperatures and times, and does not depend on crystal orientation.



As one might expect with complex materials like LiNbO1 and l.iTaO1,  problem<  are encountered with Ti indiffusion
and the resulting structures. The more prominent ones are as follows:

1. In z-cut (the “cut” refers to the direction perpendicular to the surface) LiNbO~, domain inversion of the ferroelectric
domains can occur requiring repoling  of the material.
2. The pyroelectric effect is strong in LiNbO~ resulting, in electric fields ac~oss the waveguides  when temperature
differentials are present [78].
3, During Ti diffusion, I.i10 outdiffusion can occur altering the oj~tical properties of the waveguide [85].
4. Ti indiffused waveguides  exhibit a strong photorefractive. effect due to the pIesence of Fe impurities. This can be
mitigated to some extent by MgO doping [86].
S. As a result of the high temperatures required to produce significant diffusion in reasonable times, Ti indiffusion
cannot be used in LiTaO~ because of its low Curie temperature (620’C) at which rlepoling of the domains can occur.

The high temperature, long diffusion time requirements for Ti indiffusion  have provicied considerable impetus to de-
velop the low temperature proton exchange (PE) technique as a second method for producing tightly confining, high index
waveguides.  [87]. The basic chemical process for PE is the exchange of hydrogen ions and lithium ions between the source
material and the Li(Nb or Ta)Oq. A variety of organic and inorganic acids have been used as H’ sources, with benzoic acid being
the preferred choice. The patterned substrate is immersed in an acid melt held at the temperature required to produce sut%cient
exchange in a short time, 150C  to 300”C for 5 minutes to an hour. The important advantages of the PE method are as follows:

1. Very large index changes.
2. Low temperature(150”C to 300°C) process.
3. Short waveguide  formation times, of the order of minutes.
4. High resistance to the photorefractive effect.
S. Selectable polarization because only the extraordinary index, rl,, is increased.
6. Useful for LiTaO~ whose low Curie temperature (6200C) precludes using a diffusion process.
7. Compatibility with standard clean room and semiconductor processing steps.

I As is usually the case, these advantages are offset to some degree by the following disadvantages:

I 1. High propagation loss.
2. Significantly lower electro-optic (rj~) [88], acousto-optic [89], and frequency doubling [90] coefficients.
3. Instability in the refractive indices due to continuing movement of H+ ions after waveguide fabrication [91 ].

These detrimental effects of the PE process can be partially or completely removed by annealing the crystal subsequent to proton
exchange at 300C to 400C for a few hours [92]. Two undesirable effects of annealing arc a minor reduction in the increase in
extraordinary index, Ant, and a somewhat increased sensitivity to the photorefractive  effect [93]. The generally positive effects
of annealing on PE LiNbOt make it a contender for many applications whel e the properties of Tl:LiNbO1 are not as appropriate.

Whether formed by Ti indiffusion or the PE process, the characteristics of the resulting waveguides determine the
properties of the guided mode. For example, a compromise is often necessary between efficient fiber-waveguide  coupling (large
guided mode size), and minimum drive voltage (small mode size). In addition, liber-wave{~uidc insertion loss is a function of Ti
metal thickness (Ti dopant concentration), as are the waveguide refractive index properties. The supported waveguide  mode size
exhibits a minimum as a function of the waveguide strip width. At a wavelength of 1.3 ~lm, the optimum waveguide strip width
is approximately 5 to 7 ~m.

The choice of electrode characteristics, including placement relative to the waveguides, is critical for the successful and
efficient operation of LiNbOJ  devices. This is particularly true for high spec.d applications hccause, unlike the polymers, there is
a large difference in refractive indices at microwave and optical frequencies for LiNbO~ and 1.iTaO~. Placement of the electrodes
over or near the waveguides depends on the crystal orientation and the required bandwidth. As shown in Figure 5, in the case of
z-cut devices the electric field must be perpendicular to the planar surface (in the 7 axis direction) in order to take advantage of
the largest electro-optic  cocfficicnt, r~q. Direct placement over the waveguide necessitates the use of a buffer layer, usually Si02,
between the electrode and the waveguide.  For x- or y-cut LiNb03,  shown at the bottom of F’igure 5 for a single waveguide
structure, the EO-sensitive  7, axis is parallel to the planar surface of the. de) ’ice. Thus, the electrodes are placed on either side of
the waveguide so that the fringing field is horizontal (parallel to z axis) as it passes throug,h the waveguidc.



The choice of electrode metal depends on the specific application, For Jnost applications, aluminum electrodes are
appropriate. However, for high bandwidth or microwave applications, gold has been the preferred electrode metal. Note, how-
ever, that for those radiation environment applications where there is a high prompt dose rtite requirement, the high absorption
cross section of Au for x-rays must be taken into considerate ion.

In addition to the electrode metal type, other stringent conditions lnust be imposed on electrodes for microwave appli-
cations of LlNb03 devices because of the difference in optical and microwave refractive indices. Crenerally,  two types of elec-
trodes are used for LiNbO~ modulators and switches: lumped electrodes and traveling wave electrodes. The lumped electrode is
simpler, but is restricted to a relatively low high-frequency cutoff because the device is limited by the KC time constant of the
capacitance of the electrode configuration and the terminating resistor used to match the impedance of the source. The band-
width-length product, AfL, for lumped electrodes is typically 2 GHz-cm  [80]. Significant inlprovement in the bandwidth can be
achieved by using traveling wave electrodes rather than lumped electrodes. The traveling wave. electrode is basically an exten-
sion of the microwave transmission line that is terminated in the same characteristic impedance as the microwave source line. In
this case, the modulator bandwidth is limited by the difference in velocity between the n[icrowave  and optical signals. If the
velocities are matched the optical signal experiences the same voltage over the length of the electrode. The dependence on
velocity matching and hence on refractive index equivalence, has been shown [94] to be given by

AfL = 2C (3)7c(nm –no)

where nn, is the microwave refractive index. For typical values of nO = 2.2 and n~ = 4.2, AfL = 9.4 GHz-cm. Note that as (n., - nO)
becomes small, the bandwidth-length product becomes large. An important issue for radiation applications will be whether or
not radiation affects the two different refractive indices in the same mannel.

OPTICAL

‘-$/gzJ5jzzJ5j2\.-
\. OUTPUT

?$2Q~,- ELECTRODES

::Z%’-L’N”’OPTICAL

INPUT F

,– Ti: DIFFUSED

xrY
z

LY
METAL EL.ECTRODE,7

/
x

z

Ti: DIFFUSED I

E;

4-

OPTICAL
AXIS

Figure 5. Top and middle: a simple dual waveguide coupler structure in z-cut LiA1b03. Bottom: A single wawe~uide  in y-cut
material show’ing electric j7eld parallel to optic axis that allows control by largest 1X2 coefficient, r3j [9S].

:,\



We now wish to briefl y review representative types of lithium niot~ate modulator devices. From the point of view of this
assessment, an important and basic LiNbO~ device type is the directional coupler, because this device has been used as the
vehicle for most radiation effects studies of LiNbO~ modulator structures. A simple, coupler structure is shown at the top of
Figure 5. An important characteristic of a coupler is the strength of the coupling between the waveguides  in the coupler. The
coupling efficiency per unit length (coupling strength), K, varies exponentially with wave~uidc gap size, G (see Figure 5):

K(Z)  = Ko(Z)e -Gly (4)

where K. and y both depend on waveguide  parameters, such as I“i metal thickness, and y is a measure of tbe evanescent decay
length of the fundamental mode of the waveguide [78]. The coupling  efficiency for the entire waveguide, that is, the fraction of
the power transferred from the power input guide to the second, crossover waveguide, II, is given by [80,81]

[1

L
q=sin2 J K(z)dz = sin2(K1.), for K independent of z, (5)

o

where L is the length of the coupling region as shown in Figure 5. This equation applies to the synchronous case where there is
no difference in propagation constant, ~, (proportional to refractive index) for the two guides: A~ = O; that is, where there is no
application of an electric field to one of the guides to intentionally induce a phase shift. For the case of a nonzero A~, such as a
switched directional coupler, the coupling efficiency has the form

1q.
] + (A(3/ 2K)2

sin 2KL[l+(A~/2K)2]]’2 (6)

Note that equation (6) reduces to the simpler form of equation (5) when A~ = O. The form of equations (5) and (6) indicates that
the coupling efficiency, q, is periodic in nature so that the power coupled into the second guide can vary periodically between
zero and approximate y 100%. Complete coupling is achieved when kL = nrt/2,  where n is an c)dd integer. The smallest length
for complete coupling, L,n = n/2k, has been shown to vary between approximately 200 pr[l and 1 cm for T] :LiNbOq [96].

Operation of a directional coupler as a switch requires the application of a bias such that the electric field in one of the
guides causes a A~ that results in zero coupling, that is, q = O. The required change in propagation constant is given by [81 ]:

Thus, as one might expect, the stronger the coupling efficiency between the guides, that is, the larger K is, the greater change that
is required in ~ to reduce the coupling from q = 1 to O through electric field-induced phase mismatch between the guides.

Because of the difficulties associated with matching up active coupler length, 1.., with Lti, and predicting the value of
K in couplers fabricated in a production environment, it is best to design the switch so that both the on and off states are
electrically controlled, and L does not have to precisely equal Lm. This is achieved in the reverse-A~  directional coupler switch
by splitting the electrodes into t wo pairs of electrodes with the opposite bias applied to the second pair [80] so that A~ of the first
pair = –AD of the second pair. Analysis of the coupling coefficients that apply to this case shows that for a given value of L not
equal to an integer multiple of LXn, two values of A~ can be found that will result in no crossover and in complete crossover
between the waveguides [97]. This technique has been used successfully to fabricate switches with extremely low crosstalk [98],
and in combination with traveling wave electrodes, high speed, low crosstalk switches [99].

Additional types of LiNbOf  modulator structures which are important include the following:

1. Mach-Zender  (MZ) interfcrometric  switches and modulators. These well-cleveloped,  popular device types have
already been mentioned in the previous Section. In contrast with the couplers discussed above, the arms are spaced wide enough
apart so that there is no evanescent coupling between them. Although Figure 2 shows only a single electrode over one arm, in
some cases two electrodes are used, one over each arm, while in other devices, three electrodes are used with a grounded
electrode in the center between the arms. In either of these configurations, the field can be applied in opposite directions through
the waveguides  under the electrodes to achieve a push-pull effect on the ptlase change so tliat the net phase change is 2A$. For



. the MZ switch, it can bc shown that the output intensity is periodic with nlinirna and maxima occurring at odd and even integer
multiples of V,P. If the input optical field amplitude is not split exactly eclually between the two arms, as is often the case, the
minimum power out will be greater than zero, and the switch will not be completely off. The extinction ratio, defined as the ratio
of maximum to minimum power outputs in dB, is then not infinite, but can be easily made to be greater than 10 to 20 dB.

2. Polarization controllers, Another important class of LiNbO~ devices are those that alter or control the polarization
of light beams. For example, TU (TM) to TM (TE) conversion can be accomplished using a single waveguide  covered by
interdigitated electrodes. The purpose of the alternating electrodes is to periodically change K to produce efficient coupling
between modes that are highly mismatched [80]. The coupling of TE into TM, or vice versa, is accomplished by periodically
altering K via one of the off-diagonal nonzero  electro-optic coefficients such as r~l. For example, in x-cut LiNbO~ with propaga-
tion in the y direction the TE mode is polarized along the transverse z ciirection  and the TM mode is polarized along the x
direction. The interdigitated  electrodes lying directly over the waveguide then direct the electric field vertically in the x direction
in alternate up-down directions as the light moves along the guide. It is noted that the spatiai period of the electrodes is wave-
length dependent: at I = 0.6 pm, the period is 7 mm, while at k = 1.3 ~(m, the period is 18 mm [101]. The dependence on
wavelength restricts the applicability of this technique [100,101]. In acldition to TE, to TM converters, a variety of polarization-
selective devices have also been fabricated in LiNbO~. One intel esting apr,roach is to take advantage of the fact that the proton
exchange process significantly increases n,, but causes a decrease in na [ 102], Thus, in z-cut LiNbOq on] y the TM mode is
guided, resulting in a polarization selective device. Polarization splitters that spatially separate a mixed TE/TM light beam into
pure TE and pure TM beams in two output guides have also been fabricated using, Y-blanch splitters, intersecting waveguides
and directional couplers [80]. The ability to perform polarization separation depencls on the fact that the coupling strength, K, is
polarization dependent. This comes about because of the fact that the refractive indices fot the TE and TM modes are different.
Clearly, any radiation-induced changes in refractive index will affect the functionality of this class of modulators.

3. Polarization-insensitive devices. The polarization-selective devices briefly discussed above are necessarily sensi-
tive to polarization so that they can achieve their functionality. However, there are applications where polarization-insensitive
devices are also important, Because typical fibers do not preserve. polarization, the functional behavior of LiNbO~  devices can
vary as the polarization of the input beam varies. In many systems, this is an unwanted attribute. The variation with polarization
arises because the orthogonal TE and TM components of a light beam experience different refractive indices in a birefringent,
uniaxial  crystal. In addition, the TE and TM polarizations will couple to applied electric fields through different electro-optic
coefficients. For example, in y-cut, x-propagating material, the TE mode (z-axis) is sensitive to the extraordinary refractive
index, n,, and couples to the field, E,, through the r~j coefficient, while. the TM mode (y-axis) is sensitive to the ordinary
refractive index, no, and couples to E, through the rjl coefficient which is 3 times less than rq~. Two approaches have been used to
minimize the polarization dependence of switches and modulators [80]. In the first, the coupling strength, K, and/or the propa-
gation difference, A~, are made insensitive to polarization through appropriate device design. in the second approach, the device
is fabricated so that the switch response is insensitive to polarization -in(iuced changes in K or A~. Using these approaches,
severai  types of polarization-insensitive devices, both interferometers and couplers, have been successful y made [ 103- 105].

4. Wavelength filters. In advanced communication systems, devices that perform functions on the wavelength content
and distribution of signai carrying light beams are valuable. A ~roup of 1.iNbO~  devices that fall in this class are wavelength
filters. Important properties of these filters are the center wavelength, the bandwidth, the peak filter efficiency, the magnitude of
side lobes and the ability to electrically tune the device [80]. As for other types of switches and modulators, wavelength filters
have been fabricated as both couplers and interferometers [106]. Recaliing that in a birefringent crystal like LiNbO~ the refrac-
tive index of TE and TM modes varies with wavelength, the ‘IT] (TM) to TM (TE) mc)(ie  converter can also be used as a
wavelength filter. Since the conversion efficiency for a TE to TM mode converter depends explicitly on wavelength, by varying
total lengths of the interdigitated electrodes one can vary the wavelength band pass of the filter. For example, wavelength
bandwidths of 50 to 5 ~ have been achieved in the visible with electrode letlgths between 0.5 and 6 mm [6]. Tuning of the center
wavelength of these mode converter wavelength filters is possible by using a third electrode that induces a field in another
direction than the field used to achieve mode conversion [107]. Broadband, tunable wavelength filters can also be fabricated
from directional couplers [79, 108]. To accomplish the wavelength filter function, the coupler is constructed of two waveguides
each with a different width and refractive index, resulting in a different dependence of refl active index on wavelength in each
waveguide. The coupler is designed so that at the wavelength of interest, ~o, the two waveguides  have equal refractive indices so
that 100% coupling occurs at Xo. Thus, the light at the center wavelength is coupled into the other waveguidc but other wave-
lengths are not. By applying a voltage to the electrodes the n(k) dispersion curves can be changed so that the crossover wave-
length, AO, shifts, resulting in the wavelength tunability of the coupler. Typically, fol L.= 1.5 cm, Ak = 200 ~ at L,, = 0.6 pm, and
AL= 700 ~ at A,, = 1.5pm with a tuning range of approximately 1600 ~ [ 108].
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S. Lasers  and amplifiers. A particularly exciting class of devices that have been developed recently are rare earth
doped LiNbO~ waveguide  lasers and amplifiers [90,92]. Laser action has been accomplished with Nd [ 109] and Er [ 11 O] doping
of Ti:I.iNbO~,  and Cr doping of proton exchanged LINbOA  [90], These devices are in an early stage of development and work has
focused on the methods of incorporating the appropriate dopants at the required concentrations without compromising the
waveguide  properties of the Ti or PE LiNbO~ [11 1,112]. Various methods of co-doping have been attempted because of the
necessity of adding both the laser dopant (Nd or Er) and the waveguide forming dopant (r]). in addition, it is advantageous to
also dope with MgO to reduce photorefractive effects since lasers typically operate at high optical power levels. One fortuitous
result of these studies is that diffusion of Er with Ti enhances the slow diffusion rate exhibited by Er alone [112]. An example of
laser performance in PE Nd:MgO:I.iNbOJ is 14 rnW of output power at 1.08 pm with a threshold pump power of 2.7 mW at a
pumping wavelength of 0.814 ~m [109]. In addition, integrated devices are now appearing that incorporate modulators with the
laser structure. For example, a mode locked, 8 ps wide pulse train with a repetition rate of 6 GH7.  has been produced in a LiNbOq
structure that incorporates a laser and a traveling wave phase modulator [11 3]. One can expect that in the near future there will
be a rapid proliferation of this class of devices.

Our brief review of device examples demonstrates the wide variety of devices that have been fabricated in LiNbOq  and
LiTaO~. It is important to also note that we have not examined any of the more complex photonic integrated circuits that have
been built in recent years. Generally, these sophisticated devices are made up of the basic components we have briefly described
above. In any case, a broad array of LiNbO~ devices are available and it will be important to establish radiation hardness
assurance for this class of components. We turn now to a review of radiati{m effects studies in l.iNbO~ and LiTaOJ.

Radiation Effects in LiNbO~ and LiTaO~

Of the three general material classes we are considering - polyme~s,  insulators and semiconductors -by far the greatest
number of radiation effects studies have been performed on modulator structures fabricated from the insulator materials, LiNbOg
and LiTaO~ [1 14-1 59]. We emphasize that this statement is only true if one does not include the large amount of radiation effects
work that has been done on related 111-V semiconductor structures like LE1)s, lasers, detectors, solar cells and digital devices. As
we will see, however, most of the work on radiation effects in LiNbOq has been on relatively simple structures, basic materials
and couplers without electrodes. Thus, much remains to be done in order to build on the present body of work.

Our ieview  of materials and basic device operating characteristics suggests that one should expect that radiation would
affect ~he operating characteristics of LiNbOJ and LITaOJ devices. The waveguides  in these materials are formed, whether by
metallic indiffusion or proton exchange, by alteration of the impurity and defect distributions within the guiding region, These
distributions should also be susceptible to alteration by the radiation-induced introduction of defects and by the trapping of
radiation-generated electrons and holes at color centers in the guiding region, For example, optical radiation can cause changes
in waveguide  characteristics through the photorefractive effect [116,160], Thus, one would expect similar effects for gamma
rays, x-rays, electrons and protons.

It is also apparent that the properties of LiNbO~ are sensitive to external effects through the coupling of the optical
properties to other parameters such as temperature (pyroelectric effect) and stress (piez.oelectric effect). This general sensitivity
of the optical properties of LiNbO~ and LITaOq to external parameters suggests that these same optical properties may be
susceptible to the effects of radiation.

It is interesting to contrast the potential for radiation effects in LiNbO~ devices with the well-known effects of radiation
on Si semiconductor devices, such as CMOS VLSI circuits and Si solar cells. Si CMOS devices, in their unhardened commercial
form, are quite sensitive to ionizing radiation, exhibiting degradation at only a few krads. However, Si devices are very pure and
highly controlled during the fabrication process. Thus, one expects that a few defects or trapped electrons/holes maybe signifi-
cant relative to the few defects already present. in contrast, both LINbO~ and LiTaOq arc quite impure materials compared with
state-of-the-art Si. Impurity levels in LiNbOq and LiTaOg, whether added intentionally as in T1 indiffusion, added inadvertently
during growth and fabrication or merely present in raw material, are much higher, so that radiation-induced defects and trapped
charge carriers would not affect LiNbOj properties until they reach levels comparable with the impurity and defect concentra-
tions present prior to irradiation. As we will note, this is borne out by the total ionizing dose studies of these materials. Thus,
while we should not be surprised to see radiation effects in LiNbO~ and Lil ‘aOj, these effects will be observed at radiation levels
much higher than is typical for Si-based  devices.



Many radiation effects studies have focused attention on the effects of radiation cm the absorption spectrum of LiNbO~
[1 14-119,121 -123,131,1 33,135,156,1 59]. TWO absorption bands at approximately 387 nm and 480 nm appear to be influenced
by ionizing radiation [1 19,131,133,156,159]. The band at 480 nm is associated with the presence of Fe [119,131] and is related
to photorefractive effects in LiNbO1.  Ionizing radiation causes this band to grow when the doses are above 10’ rads. The growth
is more prominent in Fe-containing crystals, and is absent from crystals doped with Mg, even if the Fe concentration is signifi-
cant. The 480 nm band is susceptible to both photobleaching and thermal annealing at about 200(’C  [119]. Doping with Mg
reduces the photorefractive  effect in LiNbO~, also suggesting a relationship between the 480 nm band and photorefractive
effects.

More recently, radiation-induced absorption at 1061 nm in z-cut 1.iNbOj and LiNbOq:MgO  following a burst of radia-
tion from a pulsed nuclear reactor has been studied [156,159]. It was shown that the effect of neutrons from the radiation pulse,
limited to fluence levels less than 1x1013 n/cn~2, was negligible. This is not surprising since it has been shown that fluences  of the
order of 10’b n/cn12 were required to affect the absorption spectrum [114]. All of the effects observed in these studies were
attributed to the prompt gamma dose that was less than 7.5 krads per pulse. As shown in Fiigure 6, similar to the 480 nm band,
the growth of the radiation-induced absorption at 1061 nm with dose was much less in Mg,O doped LiNbO~.  The decay of the
radiation-induced absorption was non-exponential and occurred over a broad range in time and appeared to be composed of the
decay of a variety of color centers with differing decay constants. This extended decay of radiation-induced absorption was
similar to that reported earlier [115] for pulsed electron bombardment of pure LiNbOj,  and by Roeske, et al [125] more recently
for pulsed electron irradiated Ti:LiNbO~.  Thus, we see that prolonged decay of radiation-induced absorption is general] y charac-
teristic of LiNbO1.  It is also important to note that while very large doses of steady state ionizing radiation are necessary to
produce significant changes in absorption [1 27,129,131 ,133-135,144], pulsed irradiation at levels of a few krads  can produce
significant transient absorption. Thus, LiNbO~ behaves similarly to optical fibers in the sense that fibers also exhibit strong
transient radiation-induced attenuation.
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Figure 6. Peak induced absorption coefficient at 1061 nnl versus dose from pulsed nuclear reactor exposures for pure and MgO
doped LiNb03 [156].

As part of the extensive work done on radiation effects in LiNbO, at the Air Force Phillips Laboratory [126,129-
131,137-142,146-148, 154, 158], Taylor, et al [60,77] have also examined the decay of radiation-induced attenuation (absorp-
tion) in LiNb03. These measurements, and others we will review, were performed on LiNb03 waveguides rather than bulk
materials as in the studies noted above. Thus, an important difference is that the material is non-uniformly doped either with Ti
or by the proton exchange process, and the attenuation observed in a beam exiting a waveguide  is influenced not only by color



center absorption, but also by evanescent leakage into the substrate, possibly the result of radiation-induced changes in the
refractive index. However, the results in waveguides  and bulk materials :ire similar in the broad sense that attenuation was
observed to exhibit a slow recovery extending well beyond the duration of (} le radiation PUISC.  Taylor [129-131] used a geminate
recombination model to fit attenuation recovery data, which resulted in a t m dependence, similar to Brannon’s [ 1561 observa-

tions of a t“l’4 dependence.

More recent studies by Taylor [137-141,146-148,154] and others [149 -153,1 56,157,1 59] used structures with more
than one waveguide  even if they only measured the output from one of the f.uides following irradiation [149-151,153,155,157].

, Because of the relative insensitivity of LiNbO1 and LiTaO~ to permanent damage, most of these studies have focused on
transient radiation effects. Broadly speaking, the common result observed in all these studies for both LiNbOq  and LiTaOq was
that the waveguide  attenuation increased during and immediately following the ionizing radiation pulse, and then recovered
relatively slowly, with the induced attenuation lasting milliseconds or longer. Since materials studies, noted above, have shown
the same basic result due to color center introduction, it is logical to conclude, as Taylor has done, that at least some portion of
the induced waveguide  attenuation is due to radiation-induced color center formation ancl subsequent anneal. In addition to
waveguides  formed by Ti diffusion into LrNbOq, long lived, radiation-induced attenuation has been observed in proton ex-
changed LiTa03 [139,146,1 50,151 ,153,155,157] and proton exchanged LiNbO~ [149,151].

As yet, it is difficult to draw any conclusions about the relative rtidiation hardness of 1.iNbOq  vs LiTaO~ because the
differences in radiation response of the two materials have not been consistently large and in the same direction. In addition, in
two of the studies where both materials were examined [151,157] the wavelengths at which the two materials were examined
were different: 850 nm for LiNbO~ and 1300 nm for LiTaOq. Under these conditions, it is not surprising that the LiNbOq
attenuation was greater than that of the LiTaOJ  waveguides. However, in a Iecent study [ 139] Padden, et al concluded that under
the conditions of their testing, LiTaO~ was significantly more raciiation  resistant than I.iNhO~.

Recent work [138- 142,146- 148] by the Phillips Laboratory (PL) Ciroup  has focuse(i on the effects of pulsed irradiation
on the energy transfer between waveguides  (crosstalk) in LiNbO, and LH aO~ directional couplers. In the initial phase of this
work [138,139,141 ], results were reported out to a few msec for li~ht intensities exiting from both output waveguides (1300 nm
laser light input only to a single waveguide with significant ccmpling  to the crossover wavepuide)  during and after bombardment
by ionizing radiation pulses that delivered 15 krad/pulse to the sample. Foliowing the 15 ns wide pulse of 16 MeV electrons to
15 krads, as shown in Uigure  7, there was a large drop in the light intensity exiting fronl both the throughput and crossover
waveguides. The relative magnitude of the decrease depended on the launch conditions and the polarization of the input beam.
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Figure 7. Reduction in directional coupler throughput (lower) and crossover (upper) cwtputs al 1300 nnr following exposure to
15 krad(Si) of pulsed electron bonrbardment  [137].

In an extension of the above results, the P1. Group has shown in later work [139,140,146-148] that one must track the
light output for several minutes foliowing  the radiation pulse in order to observe a more complete picture of the effects of the
irradiation. When this is done the changes observed in the first few microseconds become relatively insignificant. In these later
experiments, more intense radiation pulses were employed, and, in most cases, both the T1 ~ and TM polarized beam intensities



were monitored. In a typical response, shown in Figure 8, during and imrrlediately  following a radiation exposure of 75 krads,
there is a small, brief increase in the throughput TM power (pre-inadiation level = 9 mW) followed by a precipitous drop in this
power to a minimum of about 1.5 mW at ,a time after the pulses of approximately 45 sec. I’he TM throughput power then
recovers to a value again greater than the pre-irradiation value at about 85 src and then decays again. The general envelope of the
response is oscillatory with a damping effect in time until the pre-irradiatic)n value is completely recovered at some time longer
than the observation time of 200 sec. Thus, the radiation pulses cause significant transfer of encr?.w back and forth between the
guides for times extending well beyond the end of the radiation period.’
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Figure 8. Effect of 75 krad(Si)  pulsed electron bombardment on coupling in a LiNbOj directional coupler operating at 1300 nrn
[148).

The PL Group has suggested that results such as those shown in Figures 7 and 8 are due in large part to radiation-
induced photorefractive  effects. The intense, pulsed electron beam creates high densities of electrons and holes throughout the
bombarded region of the coupler. Following the pulse train, there will be sel~aration of the electron-hole pairs due to drift of the
electrons in internal electric fields, and due to diffusion, because of strong diffusion gradients present. Some of these migrating
electrons will undoubtedly be trapped at Fe+3 acceptor centers, The presence of these processes strongly suggests that there will
be a radiation-induced photorefractive  effect, The occurrence of the photorefractive effect depends on the ratio of Fe”2 to Fe+3
which will surely change during and immediately after exposure to an intense pulse of ionizing, radiation. The iron acceptor,
Fe+q, has a large electron capture cross section so that one expects the density of Fe+l to inmease following radiation exposure.
We have already noted that there is a radiation-induced permanent alteratic)n in the absorption bands associated with the pres-
ence of iron. In addition, decay of photorefractive effects are lon~ term, and laser-induced photorefractive effects typically last
long after the laser beam is turned off. Thus, the long term residual effects observed after pulsed electron irradiation have a time
scale similar to that of photorefractive effects.

We also note that there is precedent for attributing increases in crosstalk between waveguides  to photorefractive effects
[161 ]. Schmidt, et al [161] studied optically-induced crosstalk at 633 nm and 1060 nm in reverse-Aj3  z-cut, Ti-diffused LiNbO,
couplers. Significant increases in crosstalk were observed under a bias of 25 V and a 633 nm optical power of 20 nW (0.2 WI
cmz) over a period of 60 min. The crosstalk increased rapidly during the first  5 min and then saturated at a level of about -13 dB.
Space charge build up between the illuminated guide and the second guide was attributed to photoconductive motion of carriers
under the influence of the applied field. Later work [162] on optical] y-induced photorefrac.tive  effects in a Mach-Zender  inter-
ferometer attributed these effects to photovoltaic (no applied field) effects rather than a photoconductive mechanism.

There are other interesting implications for device behavior during and followin~  an intense pulse which causes a large
temporary increase in the concentration of free electrons in the conduction band of the 1,iNb03. First, during this brief period,
the crystal will be electrically conducting so that if the pulsed irradiation is performed on a device with electrodes and there is an
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applied bias present, a photocurrent will flow  during the pulse. This condition may alter the optical effects observed during and
after the pulse depending on the device configuration and the operating characteristics during and after irradiation. Second, in
the case of semiconductors, it is well known [100] that the presence of free electrons and holes can modify the refractive index.
The possible implications of this effect on LiNb03 device behavior durin~ an intense radiation pulse are unknown at this time.

We have discussed radiation-induced color center introduction a!ld photorefractive effects, both of which may influ-
ence results such as those shown in Figures 7 and 8. We now wish to briefly examine the. effects of significant changes in the
coupling efficiency on the temporal behavior of the light beams in the throughput and crossover guides of couplers. During and
immediately following the intense pulse of electron radiation, the refractive indices of the guides in the coupler are reduced and
there is greater leakage of the light out of the guides. The evanescent decay length, y, increases leading to a large increase in the
coupling strength, K, because of its exponential dependence on y (see equation (4)). Following irradiation, the color centers and
trapped electrons recover, and the device gradually regains its pre-irradiation characteristics. I hrring the recovery period, y and
hence K decrease toward their pre-irradiation values. As noted earlier, 13rtinnon [156] found a t-’” dependence of the induced
absorption on recovery time following a radiation pulse, while Iaylor  [130] found a similar t ‘n dependence. If one assumes a
similar dependence of the recovery of K, from a large value durin~ and immediately after irradiation to its smaller pre-irradiation
value after long recovery times, then the temporal variation of the argument of the sin2 function in equation (6) will cause q to
exhibit an increasing period with time, in agreement with the results shown in Figure 8.1 n addition, the coefficient of the sinz
function in equation (6) will decrease with time in agreement with the weaker transfer of energy at the second minimum in the
throughput power at 145 sec. Thus, the temporal behavior of the throughput and crossover powers in Figure 8 can be explained
using equation (6) for the coupling efficiency, T, without invoking a radiation-induced change in the pre-irradiation value of A~
(the difference in (1’s be(ween the guides).

Our brief review of the work that has been done on radiation effects in LiNboJ  and LiTaO~ materials and devices
suggests that while an excellent start has been made on determining the ef[ccts  of radiation on these interesting materials, much
work remains to be done, especially on full-up devices that employ electrx~des to achieve clcctro-optic performance.

5. SEMICONDUCTOR-BASED MODULATORS

Introduction

A sampling of recent review articles [9,97,163-175] attests to the very rapid growth of the area of semiconductor-based
modulator research and development. Indeed, in a recent review article [9], in reference to work on III-V superlattice-based
modulators, Jabr states that “there is such a rapidly growing body of research on these materials that it will bc hard to give an
accurate account thereof”. The number and variety of device structures is extremely Iarp,e, and we shall only touch on represen-
tative types of modulators in this Review, Our goal is to discuss those common features and trends in this very large array of
devices that are relevant to radiation hardness of semiconductor modulators. In approaching this goal, we will rely heavily on
radiation effects studies of other types of semiconductor devices such as Si CMOS, Cia AIAs LEDs and laser diodes, and other
III-V materials. It is interesting to note that while much radiation effects work has been done in these other semiconductor
device types, hardly any radiation effects testing of semiconductor modulators has been performed.

Compared with polymer-based and insulator-based modulator structures, semiconductor modulators have many poten-
tial advantages including the following:

1. There is a history of many years of research and development, including the extensive work that has occurred in
related III-V device technologies, such as digital GaAs devices, monolithic microwave integrated circuits (MMICS),
and conventional photonic devices (LEDs,  laser diodes and detectors).
2. While 111-V modulators are not generally commercially available, there is a very large manufacturing base of III-V
materials and devices that can easily fabricate and market III-V based modulators. Indeed, much of the research on HI-
V modulators has been conducted by groups at facilities that nlarket other types of III-V devices. This established
infrastructure will also allow the manufacture of III-V modulatom  at reasonable cost.
3. A variety of well-established material processing, techniques, ir, particular, “hand gap engineering”, have enabled the
development and fabrication of a wide variety of highly complex modulator structures, including structures that are
integrated with other photonic devices such as laser diodes.
4. Several electro-optic  phenomena have been observed in HI-V materials and devices, particularly in multiple quan-
tum well (MQW) structures, which facilitates the development of EO modulators,
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5. III-V modulators are capable of very high speeds with switchi~lg times less than 100 ps and frequencies in excess of
50 GHz.
6. Compared with many LiNbO~ modulators, III-V devices arc capable of efficient operation at low voltages and
powers.
7. The feature size and physical volume of III-V modulator structures is very smal 1, especially when compared to
LiNbOq  devices, facilitating high integration densities.

Disadvantages associated with III-V modulators include the follc~wing:

1. Generally, electro-optic  effects and their corresponding electrtl-optic coefficients are significantly weaker in semi-
conductors than they are in some of the highly sensitive insulatol materials like 1,iNbOq  and BaTiO~ (see Table 1).
2. In the case of GaAs,  integration with Si technology is somewhat more difficult than other semiconductor combina-
tions because of the 4.1 % lattice mismatch between GaAs and Si.
3. Commercial III-V modulators are generally not available except as integral parts of sophisticated laser devices.

Materials/Operating Characteristics

An important feature of many types of semiconductor modulators is the requirement for fabrication of optical waveguides.
As in the case of polymer and insulator-based devices, this is done by varying the refractive index in a controlled manner. In the
III-V semiconductors, there are two methods for achieving the necessary variation in refractive index. The waveguide  can be
formed using either heterostructures  of different materials, or homostructures in which the carrier density is varied in order to
alter the refractive index. In the AIGaAs  system, layers of varying Al content can be grown in order to fabricate waveguides with
varying index. For AIXGal.XAs,  the refractive index varies approximately linearly from n = 3.57 for x = O to n = 3.36 for x = 0.35
in the near infrared. Thus, a GaAs layer between two AIGaAs  layers (clouble heterostructure) will form a waveguide. The
AIGaAs  system is particularly well-suited for this “band gap engineering” because GaAs and AlGaAs with moderate Al content
have essentially the same lattice constant so that high material quality is maintained in complex layered structures. Similar
waveguide  structures can be fabricated in other III-V material systems, such as InCiaAsP, although the lattice matching require-
ments are sometimes more restrictive than for AIGaAs.

Waveguides  can be constructed in single materials, homostructurcs, by varying the carrier concentration. The reduction
in refractive index, An, due to an increase in carrier concentration, N, is given by [39]

An=–
Nk2e2 .

8rr2eOnm*c2
(8)

where m“ is the carrier effective mass. Thus, an undoped GaAs layer grown on a heavily doped GaAs substrate will form an
optical waveguide bounded by an air interface on top and the substrate on the bottom. For n-type GaAs at a wavelength of L = 1
~m, An = -0.01 when N = 5x1018 electrons/cm3.  Therefore, the index changes possible through carrier concentration variation
are much less than through heterostructure  layer growth. A further problem with hornostructures  is that large carrier densities
can cause significant increases in optical absorption that will result in attenuation of the optical beam if it passes through heavily
doped regions of the structure. We also note that radiation-induced displacement damage can reduce the carrier concentration
resulting in an increase in An.

With regard to modulators based on semiconductor waveguide structures, there area variety of ways to classify these
modulators. These include the following:

1. Material type: AlGaAs, InGaAsP,  lnP or Si. We will not discuss Si to any extent, and we will also tend to lump the
111-VS together except when there is an important distinction between material types.

2, Bulk or layered structures: while bulk devices are worth noting, the MQW-based modulators are where the real
future lies for semiconductor modulators.

3. Electro-optic  or all-optical: ultimately, the highest speeds and largest densities will be realized with all-optical
devices, but at the present time EO devices are important and have impressive performance characteristics. In addition, as we
will note, there are interesting combinations of optical and electrical devices.
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4. Basic operating mechanism: refractive index change  (Pockels  effect, carrier injection, carrier depletion and quan-
tum well electron transfer), or absorption change (Franz-Keldysh  cffecl anti quantum confined Stark effect (QCSE)). In contrast
with polymer and insulator modulators, semiconductor modulators also enlploy optically and electrically-induced variations in
the absorption coefficient to achieve modulation of an optical signal. Thus. radiation-induced changes in the absorption coeffi-
cient as can occur with neutron irradiated GaAs, may affect these types of modulators.

Before presenting a list of representative semiconductor modulator types, we briefly review the more important basic
operating mechanisms given above. It is important to note that in many cases more than one of these mechanisms is simulta-
neously operative.

I Refractive index change

1. l’ockels effect. This is the same electro-optic effect that is the Ijasis  for modulation in polymer and insulator-based
devices. An additional complication that arises with semiconductors, when compared with insulators, is that a carrier-free region
must be created in order to support a significant electric field that can alter the refractive index. This usually means constructing
p-n junctions in lightly doped material so that the electric field extends through a fairly wide depletion layer. This can have
significant implications for radiation susceptibility. We also note that the EO coefficients fot semiconductors are smaller than for
the best insulators like LiNbOq  (see Table 1 ) so that this technique, by itself, is not widely used to construct modulators in bulk
semiconductor materials.

2. Carrier injection (depletion). As noted above, the refractive index can be chansed by altering the carrier density in
the guiding region of the device. Thus, modulation of the optical signal can be achieved by time varying injection of carriers into
the guiding region. This can be accomplished by injecting minority carriers with a forward biased p-n junction (or removing
carriers by applying a reverse bias). The same effect can be realized in an MQW structure by quantum well electron transfer; that
is the movement of carriers between quantum wells to change the carrier density in the wells. Carrier injection or depletion
allows one to construct a modulator in a material like Si which does not exhibit a linear electro-optic effect. In addition, the
carrier-induced change in refractive index can be an order of magnitude larger than the electro-optic effect, as in the case of
InGaAsP.  However, the applicability of such devices is limited because switching speeds are no faster than the minority carrier
lifetime in the device. Interestingly, this is one case where radiation might actually improve device performance because the
minority carrier lifetime can be dramatically shortened by irradiation.

Absorption coeflcient  change

1. Franz-Keldysh  effect. In bulk semiconductors the absorption riear the band ed8c is sensitive to electric fields. The
electric field-induced shift and broadening of the absorption near the band edge is called the Franz-Keldysh effect. Application
of an electric field causes the band edges to tilt which allows the. electron wave function to penetrate into the band gap, effec-
tively lowering the band gap energy. In the case of GaAs, for a light beam with energy 0.01 eV below the band gap energy, E!,
(for GaAs, E, = 1.4 eV) the absorption coefficient increases by about 1500 cm”’ for an electric field of 2x 10’ V/cm [ 174].

2. Quantum confined Stark effect (QCSE).  With  regard to semiconductor modulators, the QCSE is perhaps the most
important mechanism for achieving efficient, high-speed modulation. The basic Stark effect is the change in outer atomic orbits
of electrons caused by the application of an electric field. The field causes a splitting in the energy of the outer 2s and 2p orbital
states, and there is a corresponding energy shift. When the atoms make up a solid which is composed of multiple quantum wells
(MQWS), the Stark effect becomes particularly interesting and useful because of the way in which the field modifies the proper-
ties of excitons residing in quantum wells.

In a bulk semiconductor the exciton,  a loosely bound electron-hole pair, has a ground state binding energy of about 4.4
meV, determined by the electron effective mass and the material dielectric constant. The small binding energy means that the
exciton can dissociate easily due to an increase in temperature (thermal broadening) or to the presence of an electric field (Stark
effect). The exciton exhibits a series of hydrogen-like bound states, the enelgy of which is modified by the dielectric constant of
the material in which the exciton is embedded. In a MQW structure, exciton behavior is quite different because the electrons and
holes are confined in the wells and there is significantly more overlap between their wave functions. The result is that the exciton
is more stable and continues to exhibit its properties even at electric fields 50 times greater than that required to disassociate the
exciton in bulk material. The exciton absorption spectrum exhibits resonances corresponding to excitation between hole and



electron ground states (band edge), and between the ground state and higher lying energy levels, the values of which are deter-
mined by the well properties. As shown in Figures 9 and 10, when an electt ic field is applied perpendicular to the quantum well
layers, these resonances broaden and shift to lower energies because the bands tilt and the electron and hole wave functions are
displaced. The dependence of the absorption edge shift on field in the MQW structure (QCSE) is much stronger than it is in bulk
material (Franz-Keldysh effect). We also note that because the absorption coefficient and the refractive index are related through
the Kramers-Kronig relationship, the refractive index will also change due to electric field-induced QCSE.  Thus, the MQW
structure constitutes a sensitive electro-absorption medium that can foml the basis for an cfficicnt  EO modulator.
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Representative semiconductor modulator types

1, Transverse electro-absorption modulator [167,169,175], As shown in Figule 11, this device is an AIGaAs/GaAs

p-i-r)  diode with the MQW structure embedded in the ~-region of the diode. The optical signal beam impinges on the top of the
modulator, at the right in Figure 11, and passes through the diode in a transverse manner pel-pendicular to the MQW layers. This
configuration makes the device attractive for SL.M applications where a matrix of light beanls  impinge on a grid of such devices.
The electric field is applied in the same direction in order to achieve QCSl.. With no bias applied the light beam passes through
the structure with little attenuation (note 7570  transmission with no electrical pulse). lJpon ttte application of bias, the absorption
shifts to lower energies so that the light beam is absorbed, achieving the inkmsity modulaticm  of the beam shown in the tt-ansmis-
sion curve. These devices are very fast, as shown in Figure 11, because their internal response is limited only by the carrier
tunneling times required to remove carriers from the wells, and these times are on the order of 10 to 200 ps, implying possible
modulation bandwidths of 50 to 100 GHz. Devices have been reported with impulse responses of 131 ps [176]. The overall
response of these modulators is determined by the RC time constant of the circuit in which the modulator is placed. If the
capacitance can be limited to a few tenths of a pF, then bandwidths of 10s of GHz are possible..
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Fi,gure 11, An MQ W transverse electro-absory}tion modula[o? [167].

Another important feature of these modulators is the extinction ratio, or on-off ratio; that is, the ratio of transmitted
light beam intensity when the device is on to that when it is off. This ratio clepends on the extent of the exciton absorption shift
induced by the application of the electric field. This ratio increases rapidly with decreasin~  temperature as the exciton absorp-
tion resonances narrow and become stronger. However, at room temperature it is diflicult to achieve a large extinction ratio. One
solution to this is to construct the transverse modulator as a reflection modulator so that the beam passes through the MQWS
twice. This can be accomplished by depositing a metal reflector at the substrate side of the device, or by using a quarter-wave
multilayer dielectric mirror below the MQWS. Th]s structure has the added advantage of not having to remove the substrate,
which is required in the non-reflection configuration so that the beam can pass entirely through the device without attenuation in
a thick GaAs substrate.

2. Electro-absorption  MQW modulator [165,170,174,17S]. If we chanSe the configuration of the p-i-n diode elec-
tro-absorption modulator discussed above so that the MQW layers form a waveguide  and the light is injected into the waveguide



parallel to the MQW planes, we have an electro-optic modulator that earl be coupled to fibers and used in a communication
system. In bulk material, the EO effect is small compared with L.iNbOt and other materials. However, if the waveguide  is formed
from MQWS, then not only the linear EO effect is present, but also the quadratic EC) effect due to the QCSE on the refractive
index, by way of the Kramers-Kronig relationship. In this type of modulator, the light wavelength must be chosen near the
exciton resonances since the QCSE is an excitonic effect. It can be shown that the refractive index depends on the square of the
electric field for the QCSE, and this provides the extra sensitivity y that makes these modulators attractive [175]. These devices
also operate in the tens of GHz modulation speed range. It has been shown that the electro-optic effect can be enhanced further
by introducing strained layer, lattice mismatched quantum wells [175]. M’ith regard to radiation effects, it is important to take
into account any type of radiation, such as neutron exposure, that will affect the near-edge absorption spectrum.

A particularly important application of this class of modulators is the external modulation of high speed lasers used in
communications systems, Lasers combined with external modulators on the same chip arc available commercially. The use of
external modulators avoids the frequency chirping effect exhibited by many lasers when nlodulated at high frequencies. This
chirping effect can significantly reduce the bandwidth of a communication system. The ability to fabricate lasers and modulators
on the same chip is due largely to the advent of selective area epitaxial growth techniques in which layers of different thickness
and material sequence can be grown on the same substrate. Such techniques are largcl y responsible for integration of many types
of devices on a single substrate in the III-V materials families.

3. Mach-Zendcr  modulator [177,178]. This popular type of modulator has been constructed in both bulk [177] and
MQW [ 178] fom~s in the GaAs/AIGaAs system, and also in other II I-V Tnaterial systems. The Mach-Zender  modulator is a
particular implementation of the waveguide modulator discussed above in 2. Growth techniques such as selective area epitaxy
must be used that allow the patterning and routing of MQW wave~uides  in order to Fabricate Mach-finder modulators and other
complex waveguide structures. By applying the electric field to one am] of the modulator, a phase shift is introduced that
modulates the intensity of the recombined output beam of the device when viewed through an analyzer and/or polarizer. Because
these devices can be easily operated in the 10s of GHz range they lend the]nselves  to microwave applications more easily than
LiNbOJ-based  modulators. In addition, high speed 111-V modulator structures such as the. Mach-Zender  device, can be inte-
grated on a single substrate with III-V monolithic microwave integrated circuits (MMICS).

4. Total reflection switctdmodulator [165,1 74]. In this device, two intersecting waveg,uides  made up of MQWS allow
total internal reflection to occur at the intersection of the waveguides in sucli a manner that the light beam can be switched from
one output waveguide to the other. The electric field-induced Q(XE  is used to control the. reflectivity of the intersecting planes
so that total internal reflection occurs at a certain applied bias, but not at zel o bias where the light beam passes straight through
the device in the waveguide in which it was launched. A particularly important feature of this device is that its operation is
independent of the polarization of the input beam so that polarization fluctuations often seen in fiber transmission do not affect
its operation. The total reflection switch is relatively simple to construct aml matrix switch arrays are easily fabricated.

5. Directional coupler switctdmodulator [165,168,1 74]. Directional couplers similar to those discussed earlier fabri-
cated from LINbO1  have also been reported in a variety of 111-V materials. Most of the devices reported were made in bulk
heterostructures  rather than MQW waveguides.  While these devices are not as sensitive as I.iNbO~  couplers, because of the
smaller EO coefficients, they have the significant advantage of being easily integrated with other photonic devices on III-V
substrates. More recently, vertical MQW directional couplers have been fabricated in both CiaAs/AIGaAs  and GaInAs/lnP
materials structures [179]. In these devices the waveguides actually lie on top of each other so that coupling occurs vertically
between the guides. The increased sensitivity due to the QCSE allowed the use of very shor(  device lengths, approximately 170
pm.

6. All-optical modulators [167,180,181]. In GaAs/AIGaAs  structures it is possible to achieve refractive index changes
by optically altering the carrier density in a waveguide  [1 80], or by alte.rin~ a built-in electric field that exists in a waveguide
[181 ]. Optical excitation of electrons from the valence band to the conduction band fills the lower states in the conduction band
minima, a process termed band filling, and results in a change in the near  band edge. absorption coefficient. Thus, it is also
possible to optically alter the absorption of the signal beam by modifying the absorption in the waveguide. Using these optically
induced effects, one can construct an all-optical modulator using a signal beam and a second control beam that changes the
refractive index in the signal beam optical path. The control beam can be orthogonal to the signal beam [180], or be parallel to
it with a different polarization in order to keep the beams separate. Modulation depths greater than 8 dB have been observed
using a control beam in the mW range [ 180]. As in other carrier-induced modulation schemes, the speed of these modulators is



limited by the minority carrier lifetime. It is interesting to note that ion implantation has been used to purposely reduce the
lifetime to the picosecond range so that the resultant modulator has greater bandwidth [ 182]. Thus, as we noted earlier, one
might anticipate that radiation would actually improve the operation of these devices.

7. Transverse Fabry-Perot reflection modulators [165,183,184]. One can advance the reflection modulator dis-
cussed above to a more efficient level by placing the MQW active structure between two Fabry-Perot  cavities, each made up of

quarter wave composite stacks of multilayer  mirrors composed of heterolayers of GaAs and AIGaAs.  The large number of
reflections has resulted in observed extinction ratios of 20 dB at only a few volts. In addition, these devices can be very fast:
operation at 40 GHz has been reported recently [183]. Because the power dissipation in these devices and other electro-absorp-
tion modulators, is mainly due to the absorbed optical energy, it is bcneticial to suppress the responsivity,  especially in Fabry -
Perot modulators where the beam experiences repeated internal reflections and thus has a long path length in the material. It is
interesting to note that proton bombardment has recently been successfully used to suppress responsivity and improve the
performance of Fabry-Perot modulators [184]. As in the case of shortening the minority camier lifetime, this is another example
of radiation exposure improving device operation.

8. Delta-doped MQW lateral field modulator [185]. This device is similar to the transverse electro-absorption modu-
lator discussed in 1. above except that the electric field is applied in the lateral direction parallel to the MQW layer planes. Thus,
the field is applied orthogonal to the direction of the light beam. In addition, a doping technique used to construct high electron
mobility transistors (HEMTs) is used in these modulators. Delta or modulation doping is accomplished in MQW layers by
heavily doping the alternate wide band gap layers, but growing undoped small band gap layers in between ,the heavily doped
layers. The band gap offset between layers in the GalnAs/lnP  hc.terostruc(ure is such that the electrons end up residing in the
lower energy wells of the undoped narrow band gap GaInAs wells. In H EMT stmctures this configuration is advantageous
because the electrons have very high mobility since there are no ionized dopant atoms to cause carrier scattering in the wells in
which the electrons move, thus producing a very high speed transistor. L}ght of the proper wavelength will pass through the
wide band gap InP layers in the MQW, and when no electric field is applied, it will also not be absorbed in the small band gap
GaInAs layers because the subband states in the wells where the electrons reside are all filled, reducing the absorption coeffi-
cient at the light beam wavelength. This is then similar to the band filling effect  mentioned above. Upon application of the lateral
electric field, the electrons are drawn out of the center of the Gain As wells over to that side of the device where the positive bias
is applied, and accumulate near the positive contact. The result is that the subband states in the CialnAs wells in the center of the
device, where the light beam passes, are empty and available to accept electrons excited from the valence band in the GaInAs
well. Thus, the absorption coefficient increases markedly. These devices are expected to bc very fast and to show good extinc-
tion ratios.

Although these modulators are just being developed [185], we mention them because their use of modulation doping
raises interesting issues concerning radiation effects. The undopcd, high mobility small band gap wells may be especially
susceptible to radiation-induced degradation of carrier properties such as nlobility.

9. Self elcctro-optic  effect dcviccs (SEEDS) [171,173,175,186-1 90]. The class of devices called self electro-optic
effect devices (SEEDS) has received a great deal of attention and there are now many variants of SEEDS. The earliest SEEDS
were very similar to the transverse electro-absorption modulatot described in 1. above, essentially a p-i-n diode containing a
MQW structure in the i region, along with a resistor in series with the power supply across the diode. The key to operation of
these devices is to use the photodetection capability of the reverse biased MQW diocle itself, or to use the modulator in conjunc-
tion with an external photodetector (although the detector may be. fabricated on the same chip). The inclusion of the resistor in
series with the constant reverse bias supply allows the photocurrent detected by the p-MQWi-~/  structure (as a photodetector) to
modify the electric field across the MQW region, which, in turn, alters the absorption characteristics that the light beam experi-
ences in the p-MQWi-r~  (as a modulator). This feedback circuit introduces a negative differential resistance (NDR)  into the
photocurrent vs. bias curve of the device. Although the bias supply is constant, the device characteristic can move along this
curve because the variation in photocurrent causes a variation in voltage drop across the resistor resulting in a bias variation
across the p-MQWi-u  diode. We also note that the SEED is a combination br.tween  an electm-optical  and “all-optical” device: a
constant bias is applied to the device, but the modulation is caused by the optical beam itself.

The basic resistor-SEED acts as a bistable switch that can also exhibit oscillations because of the NDR. The bistability
can be seen by noting that at very low light levels all the voltage drop is across the MQW diode. As the optical input power is
increased, the photocument  caused by absorption in the MQW diode causes a voltage drop to appear across the resistor that
results in a decrease in voltage across the MQW diode. If the device is operated at a wavelength where a decrease in voltage



causes an increase in absorption, then there will be a further increase in photocurrent and an additional decrease in diode bias,
and this process will continue to build until the diode bias approaches zero and the diode approaches forward bias. The net result
is that the diode switches abruptly from a high voltage to a low voltage; hence, the bistability.

The next variation in the SEED employed a separate photodiode  as a load device rather than a resistor. The separate
photodiode acted as a variable resistor whose value was determined by a control beam. Both the photcrdiode  and the MQW diode
can be stacked as different heterolayers on the same substrate with the photodiode on top, if the photodiode control beam is at a
short wavelength, and the signal beam is long wavelength so that it passes through the photodiode unchanged. The use of a
photodiode rather than a resistor allowed the device to have a much wide] dynamic range. The device could also be used as a
volatile optical memory.

While the resistor and photodiode SEEDS are attractive bistable switches, their use in large scale optical processing
applications is problematical. These SEEDS are t wo terminal devices that] equire precise control of power supply voltages, and
in the case of the photodiode SEED, precise control of the optical bias beam power. in addition, these SEEDS can exhibit
unwanted reflections of the optical beams back into the system and the onset of oscillations. These detrimental features have led
to the development of symmetric SEEDS, or S-SEEDS, perhaps the most important variation of the SEED technology.

As shown in Figure 12, the S-SEED is made up of two p-MQWi-n  diodes fabricated side by side on the same GaAs
substrate (QW reflector stacks reflect the output beam back out the top of the device). The two diodes are biased in series by a
power supply and each has its own optical input/output beams. One diode acts as the load for the other, and vice versa. As in the
case of the resistor and photodiode SEEDS, the S-SEED is still an optical bistable device, but its bistability and switched state
depends on the ratio of optical beams, Therefore, if the two input beams are derived from the same source, the S-SEED is
insensitive to fluctuations in the optical power. Another interesting feature of the S-SEED  is that it has what has been termed
time sequential gain; that is, the state of the device can be set with low power input beanls,  and subsequently read out with high
power optical beams. This allows the S-SEED to have good input-output isolation since the high output readout does not
coincide in time with the low power input. Thus, the S-SEED does not require close control of biasing, and it has all the features
of a three terminal device.
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Under actual operation, each diode in the pair has a signal beam and a clock beam input (not shown in Figure 12). The
bistable state of the device is first set with the two signal beams, the difference in power of which forces the S-SEED  into one of
its two possible states. A contrast ratio of 2:1 between the two input sig,nal beams is more than sufficient to allow possible
selection of either state. Since the bistable state is determined by the ratio of the two signal beams, fluctuations in optical power
are not important as long as the signal beams have a single source.

The second set of two beams have equal powers and are the clock beams used for read out. The two clock beams which
impinge on the device after the signal beams, must be approximately equal in power so that they merely read the state of the
device and do not change it. The time sequential gain comes about because of the differences in power between signal and clock
beams. The state of the device is set by a low power beam, but it is read later by a high power beam. We note that the gain
analogy here is not with an optical amplifier where the input beam itself is amplified, but with a traditional bipolar transistor
where a very small base current controls the output of a strong collector current. Timing between input beams and read beams is
not critical because the device can retain its bistable state in the dark for a period of tirrm much longer than typical clock
frequencies. A key feature of these S-SEEDS is that their switching times can be very fast; switching times as fast as 33 ps have
been measured recently [191 ].

The development of the basic S-SEED technology has proliferated dramatically, and there are now many variations of
this device. Monolithic arrays of S-SEEDS have been made with 32,768 elements [192], and commercial arrays are available
with 2048 elements. In addition, basic logic functions have been imple]nented,  as have memory functions. Using multiple
SEEDS (M-SEEDS, more than two p-MQWi-rr  diodes in series), a tri-state output bus has been demonstrated [ 193]. Recently, S-
SEEDS have been implemented with transistors, so-called T-SEiE;Ds, so that there is gain between the photodetector and the
modulator. One can have a phototransistor in series with thep-MQWi-n  modulator, or a FET-SEllD,  a modulator in a circuit with
a MESFET and a quantum well photodiode, or a heterojunction bipolar transistor (HBT)-based device in which the MQW
structure is embedded in the base-collector region. In the HBT-SEED,  the HBT and the modulator can be physically separated
even though they have been grown on the same substrate. After selective etching down to the. n’ substrate between the modulator
and HBT, the emitter region is selectively etched off of the modulator leaving a p+-J4QWi-n+  modulator and an n-p+ -MQWi-rr+
HBT. The control light beam then impinges on the HBT and the information signal is directed at the modulator portion. Princi-
pally due to the inherent gain of the HBT-SEED, this device has several interesting applications that have been discussed by
Bhattacharya [175].

Radiation Effects

Although 111-V semiconductor modulator structures present an itlteresting  challenge with regard to radiation effects,
we note that essentially no radiation effects studies have been performed directly on these types c)f devices. Three features of 111-
V modulators suggest that these devices will have a broader, more. varied response to irradiation than polymer or insulator-based
modulators. First, as we have noted, III-V modulator structures take advantage of the variation of the absorption edge with
electric field, in particular the absorption governed by exciton behavior in quantum wells. It is well known that irradiation can
affect the absorption edge of III-V materials. Second, in many of these structures we find a diode structure with an i region that
has an electric field across it. Such a structure will be particularly sensitive to transient upset caused by large radiation-induced
photocurrent  pulses. Third, many semiconductor modulator structures contain some type of transistor, such as an HBT
phototransistor, that increases the gain of the device. These devices will be sensitive to permanent damage of the type that affects
the minority carrier lifetime. Thus, it should not be surprising if the response of II I-V semiconductor modulators to radiation
reveals several interesting and significant effects.

Fortunately, there have been a variety of radiation effects studies of other types of111-V electronic and photonic  devices
and materials. It should be possible, at least in part, to infer the effects of rad iation on modulator structures based on these studies
of 111-V materials and other device types. In the recent literature, these include radiation effects in GaAs MESFETS [194-199],
GaAs MMICS [200], HIITs and HEMTs [201-204], GaAs diodes [205,206], solar cells [207-209], electrical properties of GaAs
[210-21 2], optical properties of GaAs and GaI’ [213-215], and various photonic devices (photodiodes, lasers, quantum well
lasers and LEDs) [216-2251. Certain general comments can be made that al e derived from this body of work which are relevant
to the issue of radiation effects in semiconductor modulators. These comnlents include the. following:

Neutron irradiation studies [201 ] of high electron mobility transistors (HflMTs)  have revealed that these devices are
surprisingly resistant to irradiation. Although a neutron fluence of approximately 1014 n/cm2 causes a significant reduction in



electron mobility (about a factor of 4), the transconductance of the HEM’J’ does not decrease much because the carriers are in
velocity saturation. Thus, although the undoped GaAs wells in which the electrons move are relatively pristine because of a lack
of dopant atoms that can act as scattering centers, these devices are not particularly susceptible to displacement damage. There-
fore, the delta-doped MQW lateral field modulator mentioned above will bc more resistant to irradiation than one might expect.

It has been known for some time that neutron-induced displacement damage in GaAs and AIGaAs  has unique features
compared with point defects generated by electrons and protons [226,227]. In particular, as shown in Figure 13, neutron irradia-
tion causes a broad smearing of the absorption edge with significantly greater absorption at photon energies well below the band
gap energy. This general result suggests that modulators that depend on c-lectric field-induced changes in exciton absorption
(QCSE), as shown in Figure 10, to achieve modulation maybe strongly af[ected  by neutron irradiation. These effects would be
accentuated in those modulators constructed so that the light beam makes multiple passes through the MQW region (Fabry -
Perot and reflection modulators).
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With regard to ionizing radiation effects (total ionizing dose: TID) in GaAs,  this material is much more resistant than

standard Si CMOS circuits. This is because the Si02 gate and field oxides in Si devices are very susceptible to ionization-
induced changes caused by trapping of holes and interface state cxeation  at SiOz/Si  interfaces. Essentially, there is no analogous
effect in GaAs/AIGaAs devices and TID effects are not usually a problem in 111-V devices. Thus, in photonic  systems total dose
effects arc usually considered only for the optical fiber portion and any Si digital or analog signal processing electronics in the
system.

Since the minority carrier lifetime in GaAs is typically short ( 10s of nanoseconds compared to 10s to 100s of microsec-
onds in Si), displacement damage-induced reductions in minority carrier lifetime are not as much of a problem in GaAs devices,
such as L.EDs, laser diodes, solar cells and bipolar transistors, that depend on minority carrier lifetime for their successful
operation (this is why GaAs solar cells resist irradiation much better than Si solar cells). However, many studies [220-225,228-
232] have shown that LEDs and laser diodes can experience significant degradation in light output at neutron fluences below
1014 n/cm?.  Thus, in T-SEED modulators, for example, that contain phototnmsistors that provide. gain, device degradation may
occur at neutron (or proton) fluences that are near or below military requirelnents. In contrast, as we have noted above, in those
modulators whose switching time is limited by carrier lifetime, irradiation lnay actually improve device performance.

Many of the representative modulators reviewed above contain biased i-regions as part of a diode structure. These
diodes, as well as the photodetector portions of SEED devices, will be susceptible to transient upset and survivability require-
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ments. These structures are designed to collect photocurrent  generated by 1 ight signals, and they will perform this same function
with transient ionizing radiation pulses. In addition, if modulator structures are grown on semi-insulating GaAs substrates,
photocurrents generated in the substrate can last well beyond the pulse width of the ionizing radiation due to deep traps in the
substrate material.

Neutron or proton-induced displacement damage can affect the performance of photodetectors by increasing the dark
current and decreasing the responsivity of the devices [229,230]. These effects may also be seen in the photodetector controlled
SEEDS discussed above.

Single event effects (SEE) occur in GaAs digital integrated circuits, such as static RAMs, just as they do in Si digital
devices. There are differences in SEE response between Si and GaAs, such as less effect of diffusion in GaAs,  but these are
relatively subtle. SEE effects may be important for modulators in two cases: first, when the modulator is used as a storage
element, and second, when the current transient induced by a single ion is large enough to affect device behavior. The SEED
optical memory may be upsettable by a single ion, and if an ion impacts a SEED device between  write and read operations, it
would probably induce an error. In those modulator types that contain biased diodes with i-regions, single ion-induced photocur-
rents may well temporarily disrupt modulator function. In more traditional fiberoptic systems, recent data [233] on a MIL-STD
1773 fiber optic data bus onboard a Goddard SFC spacecraft has demonstrated that single ions interacting with the Si photodiode
in the receiver have caused many current transients. Error correction cil cuitry and sofl ware were used to force bus retries
whenever these photocurrent pulses were detected.

Earlier we noted that the refractive index of a semiconductor material is dependent on carrier density and decreases
with increasing carrier concentrations (see equation (8)). Displacement damage-induced carrier removal caused by protons,
electrons and neutrons could result in an increase in refractive index in modulators with waveguides fabricated by variations in
carrier concentration. However, because of the inverse dependence of refractive index on carrier density, this may be a positive
effect. Recall that we mentioned a lightly doped GaAs region with a high index between an air interface and a heavily doped
AlGaAs layer as one example of a waveguide structure. Radiation-induced carrier removal at moderate fluences will be more
influential in the lightly doped GaAs than it will in the heavily doped Ak3aAs.  ‘i’tms,  there may be a greater refractive index
differential between the two regions after irradiation, which would increase light signal confinement in the waveguide.

At this point, we wish to briefly discuss one other issue involving semiconductor modulators that is related to radiation
effects; that is, the use of these modulators as electromagnetic field sensors [234,235]. For some time the Navy has worked on
the development of shipboard electromagnetic environment (EME) monitoring techniques utilizing electro-optic and fiber optic
techniques. Because a significant portion of this emission from various sources is at high frequencies (above 10 GHz),  the
monitoring system must have high bandwidth. The key element in this system is an antenna coupled external modulator in which
the EME modulates an input light beam from a laser diode coupled to the modulator via a polarization maintaining fiber. The
modulated signal is then detected by a high speed photodetector. Both InCiaAsP  Franz-Keldysh  and MQW QCSE InGaAs/InP
modulators were compared with a LiNbOJ Mach-Zender modulator in the EME sensor link. lt was found that at lower frequen-
cies (less than 20 GHz), the three modulator types performed equally we] 1, but above 20 GHz the semiconductor modulators
were superior in performance.

A somewhat related radiation effects problem, although not one that should affect shipboard EME monitoring, is the
observation of broad band electromagnetic damage in GaAs MESFETS [236]. Exposure of SiNz - passivated  GaAs MESFETS to
large pulses of electromagnetic radiation caused physical damage to the SiN2 passivation  hiyer and eventually led to gate-source
metallization  failure resulting in device failure. This type of radiation-induced physical failure, similar to high power laser
damage to optic elements, is very different from the general subject of this review, and will only be important for application of
photonic elements in SDI-like beam weapon scenarios.

6. SPATIAL LIGHI’ MODUJ  .ATORS

Introduction

Spatial light modulators (SLMS)  area diverse and complex class of devices that have in common the property that they
provide a controlled and high speed method of changing the direction of a light beam, and also a method of spatially storing
information. In this Section we depart somewhat from our format of the previous three Sections and include all materials used to
fabricate devices in this class. We begin with a brief review of the operating characteristics of the various types of SLMS.



Operating Characteristics

Acousto-Optic  Devices, Bragg Cells

Acousto-optic (AO) devices, including AO Bragg gratings, are an important class of SI.M devices that are fabricated in
a variety of materials [39,40,237-241]. The AO effect occurs in photoelastic materials like 1.iNbOq  and TeOz, and is one form of
stress-induced birefringence that is exhibited by these materials. When an acoustic wave, which can be either a longitudinal or
transverse traveling wave, passes through a photoelastic material it causes a traveling wave of refractive index variations whose
maxima and minima correspond with the peaks and troughs in the acouslic wave. These variations can be used to diffract an
optical beam, the basis of operation for Bragg cells. An acoustic wave can also propagate as a surface acoustic wave (SAW)
confined to a near-surface region like an optical waveguide.  These longitudinal and transverse SAW modes are an important
class of acoustic waves because they can interact efficiently with waveguided optical beams.

For a given power density in the acoustic wave, P,, onc can estil,late the expected change in refractive index [39,40].
The maximum change in refractive index, An~,,,  is given by

rP aM 2

2 6
An —max = M 2  = ~ -

2 ’ pu
(9)

where Mz is an AO figure of merit, p is the photoelastic tensor or acousto-optic interaction coefficient, similar to the EO tensor
or Pockels coefficient, rij, p is the material density and v is the acoustic velocity. Typical Ml values are 6.95x 101s s3/kg for
LiNbOj and 104x 101~ ss/kg for GaAs.  For an acoustic beam power of 1 W/mm2, the value. of An~,X  is approximately 6x10-5 for
LiNbOq  [39]. While this change in refractive index is small, the. overall d infraction effect can be quite significant because the
diffraction effects are accumulated constructively (or destructively) if proper phase matching is done. Note also the very strong
dependence of Mz on the magnitude of the refractive index, which favors materials such as LiNbO~ that have large values of n.
This strong dependence also suggests that small radiation-induced changes in the refractive index will lead to noticeable alter-
ations in the AO effect and the functionality of these devices.

The optical-acoustic interaction in the Bragg cell or Bragg type modulator is similar to the volume diffraction of x-rays
by multiple atomic planes in a crystal, termed the Bragg effect. For the proper acousto-optic effect to take place, the interaction
length between the optical and acoustic beams must be relatively long. Multiple diffraction of the beam will then occur and a
single diffraction lobe will be observed in the far field pattern. For maxil num interaction in the Bragg modulator, the optical
beam should beat an input angle equal to the Bragg angle, (3,, given by

( lo)

where A is the acoustic wavelength. The input angle is measured between the optical propagation direction and the perpendicu-
lar to the propagation direction of the acoustic beam. The first order diffracted output optical beam emerges from the modulator
at an angle of 20R with the undiffracted Oth order beam. It can be shown [40] that the modulation depth, referred to as the
modulation index~q~,  is given by

(11)

where 10 is the transmitted intensity in the absence of the acoustic beam, I is the Oth order intensity with the acoustic beam
present, Ar) is the phase shift experienced by the optical beam as it passes through the modulator, 1, is the interaction length
between the optical and acoustic beams and a is the thickness of the acoustic beam. Of the terms in equation (11), only the AO
figure  of merit, Mz, should be susceptible to radiation through radiation-induced changes in the reflective index and the photoelastic
tensor. In a SAW device where both the optical and acoustic beams are confined to narrow regions, one can also expect an
indirect effect of radiation through a loss of optical waveguiding  that will change the strength of overlap and interaction of the
optical and acoustic beams.



Bragg modulators have been fabricated in a variet y of materials and structures. 1 ‘or the highest efficiency it is appropri-
ate to use a hybrid structure. For example, a modulation index of q“= 9370 was obtained with an AszSl film deposited on LiNbO~
at A = 1.15 Mm and an acoustic surface wave frequency of 200 MHz [242.]. 1.ater work has focused on monolithic devices but this
is difficult because the materials with the best AO efficiencies - LiNbO~,  GaP, GaAs,  TeOz, PbMoOq, cx-quartz,  CaMoOd,  TlfAsSej
- do not lend themselves easily to monolithic integration (with the exception of GaAs) with other types of electronic devices and

fabrication techniques. LiNbOq,  GaAs and GaP are more appropriate for high frequency applications in the GHz range.

A wide variety of devices have been fabricated using the basic AO Bragg grating technique. These include beam
deflectors, switches, spectrum analyzers, tunable filters and frequency shifters. These types of devices are usually used in laser
systems to control the intensity and position of the laser beam. One example is a beam scanning system for a laser printer. The
wide variety of Bragg cell devices is an outgrowth of the advantages of the AO Bragg g[ating, which are as follows:

1. One does not have to usc a mechanically produced grating.
2. The gratings can be finely spaced and close to each other.
3. The period of the grating can be varied by changing the acoustic frequency to easily produce filtering.
4. Several acoustic frequencies can be combined to generate gratings of different periods to produce multiple diffrac-
tion effects.
5. Compared with an EO modulator, AO modulators can operate with unpolarized light, and with relatively low voltage
power supplies.

I Photorefractivc  Devices, Holography

In our discussion of LiNbOj and LiTaOl modulators, the photomfractive effect was discussed and characterized as a
detrimental effect that reduced the functionality of these moc!tilatcm.  Wwever,  the photorefractive effect is also responsible for
an important number of photonic devices including certain types of hologl ares. Feinberg  [243] has noted that laser beams can
produce spectaculw  visual effects in strongly photorefractive crystals like BaTiO1. ]ndeeci, at the beginning of a recent Scientific
American article on the photorefractive effect [244], the authors state that the “photorefmctive effect maybe the key to develop-
ing computers that exploit light instead of electricity”. Since we have already established that radiation can alter and/or induce
photorefractive effects, it is important to consider these devices in this review.

As we have noted earlier, the photorefractive effect is due to a redistribution of charge in a nonlinear electro-optic
crystal containing impurities that act as trapping centers. When a light beam with spatially varying intensity impinges on a
photorefractive crystal, electrons in the regions of intense light become ~nobile and migrate to dark regions where they are
trapped, leaving behind regions of fixed positive charge. This separation of charge sets up internal electric fields that vary
spatially in the same manner as the intensity of the light beam. As a result of the eleclro-optic effect, the spatially varying electric
field causes a corresponding spatial variation in the refractive index of the Inaterial.  Thus, for a light beam with periodic spatial
variation, one can create a grating, similar to the acousto-optic  induced gratings rnentiorled above, without doing anything
mechanical to the crystal. This effect has been exploited to produce interesting and useful photorric structures and devices such
as real time holograms.

One way of obtaining periodic, spatially varying light within a photorefractive crystal is to use two laser beams which
experience constructive and destructive interference with each other. The resulting sinusoidal variation of light produces a
refractive index grating, also termed a refractive index volume hologram. The electric field and the corresponding spatially
varying refractive index grating have the same periodicity as the interacting light beams, but they have a 90f’ phase shift with
respect to the light beams. The phase shift is responsible for the phenomenon of two beam coupling which is unique to photore-
fractive crystals. In this effect, the grating deflects the light beams, and because of the phase difference, the two deflected beams
interfere constructively and destructively with the two incoming beams. Depending on the crystal and its orientation with
respect to the input beams, one of the beams gains energy from the other beam and emerges more intense than the input beam.
Thus, this effect can be used in applications requiring transfer of energy between input beams, such as the manipulation of
parallel analog input signals.

The interactions between coherent laser beams in photorefractivc  crystals has also lead to the phenomenon of phase
conjugation and the many applications derived from this effect [237]. Initially, phase conjugation was observed as the result of



four wave mixing experiments. In these experiments, two laser beams imllinge on a photrrrefractive  crystal creating a volume
hologram. One of the input beams contains an image and the other is a coherent reference beam so that the hologram contains
the image information, A laser read beam directed opposite to the reference beam at the Bragg angle is used to reconstruct the
diffracted image beam. The reconstructed itnage beam has the fascinating property of being the time-reversed or phase conju-
gate of the input image beam. Thus, even if the input beam has been purposely  distorted, the phase conjugate beam will accu-
rately reconstruct the image as long as it is passed back through the distortet.  It is also possible for the reconstructed image beam
to be more intense than the input image beam since it can derive energy from the other input beams. Notice that there are four
beams involved in this process, thus the term four wave mixing. This phase conjugation effect is the basis for the phase conjugate
mirror, a device with many potential applications in the fields of optical communications, hip}) power laser control, reconfigurable
optical interconnections and optical computing.

Phase conjugation can also be achieved more simply through the self-pumped phase conjugation effect [245]. In this
scheme the two pump beams (reference and read beams in four wave mixing) are eliminated and the input image beam creates
its own phase conjugate beam. This phenomenon occurs in part because of beam fanning - the scattering of the beam by defects
which allows the scattered light to set up grating effects that accomplish the phase conjugation. It is also possible to construct
phase conjugate mirrors from many types of nonlinear optical materials, but photorefractivc crystals have important advantages,
one of which is the ability to produce self-pumped phase conjugation. In addition, phase conjugation can be achieved in
photorefractive crystals at relatively low laser power levels. Also, electrical contacts can bc applied to the device and additional
control can be exercised over optical processing by applied electrical signtils.

Many photorefractive  materials have been used to create energy coupling and steering, holography and phase conjuga-
tion. Examples are BaTiOg,  LiNbO~,  KNbOq, InP, CdTe, GaAs and many other complex materials [246], including insulators,
organics and semiconductors. Of these materials, GaAs is important because of the advanced state of III-V device processing,
including the ability to perform band gap engineering, and the ability to integrate several types of functions on one substrate,

Other Spatial Light Modulators

In addition to the device types discussed above, there area large variety of other spatial light modulators (SLMS)  that
have been developed or are under investigation and development [241,247-259]. As early as 1985, Fisher [260] in a survey of
SLMS tabulated 45 SLM device types in eighteen major categorks.  Considering that this field has grown very rapidly in the last
ten years, one must conclude that there are a very large number of SLM device types under investigation and development. In
this brief review, we will merely touch on a few of the major SLM types.

SLMS are a key component in many types of optical systems. 11, particular, they are critical for parallel optical and
neural computing architectures. Very broadly, they consist of components that allow one to spatially modulate optical fields,
usually in the form of a matrix or grid of parallel optical signals. SLMS consist of an addressing material and a material whose
optical properties can be modulated so that the read beam can be altered by the properties of this material. Important properties
of an SLM are high spatial resolution (greater than 100 line pairs/mm), large size ( 1000x 1000 pixels or more), high speed (MHz
frame rates), high extinction ratios (greater than 1000: 1), gray level capability, low power and low cost. As in any complex
electronic device, it is difficult to achieve all of these desirable properties in one device, and compromises are necessary depend-
ing on the specific application.

There are many ways one could categorize SLMS; for example, by function or basic material t ype. SLMS of one type or
another have been fabricated in all three of the materials categories we have discussed for modulators: polymers, organics [252],
insulators [24 1,255,256], and semiconductors [24 1,257]. One might also classify SLMS according to whether they are all-
optical addressable or electrically addressable. At this point in time the electrically addressable SLMS dominate because of their

greater speed and flexibility. Electrically addressable devices may be electl on beam scanned [255] or driven by an active semi-
conductor device back plane [259], and are serial access devices whose resolutions are limited by pixel size. It is noted that as
SLMS grow in size and performance demands, a point will be reached when all optical S1 MS will be superior.

Another way of categorizing SLMS is according to whether they contain a solid EC) material or a liquid crystal for light
modulation. Liquid crystal-based SLMS require only low voltages relative to the requirements for solid crystals like LiNbO~,  but
have relatively low resolution and low frame rates. However, these characteristics are rapidly improving as extensive research
continues to take place. For example, NTT has recently reported [261] an optically addressed ferroelectric liquid crystal light
valve (LCLV) with a frame speed of 2000 frames/see. Some of the important types of SLMS are as follows:



1. Liquid crystal light valves (LC1.VS)  [247,250]. This optically addressable clevice, an example of which is shown in
Figure 14, typically consists of a complex sandwich of thin film layers made up of glass or fiber optic face plates, transparent
conductors, a photoconductor  to allow optical addressing (writing) (CdS or amorphous Si, for example), a light blocking layer
so that the writing light is blocked from the read side, a dielectric mir-ro) to reflect the le.acl beam back out, and the twisted
nematic liquid crystal (LC) through which the read light passes on its way to and flom the mirror, With no write beam-induced
voltage from the photoconducting material (off state), the L.C molecules, which arc rodlike and have a birefringence related to
the molecular orientation, are all oriented parallel to the surface of the conductor plates, and the read beam does not experience
any polarization change passing through the LC. The write beam reduces the resistivity  of the CdS photoconductor so that a
voltage appears across the LC resulting in a twisting of the molecules toward the direction perpendicular to the plate surface. The
molecular birefringence then causes a change in polarization of the read beam as it passes through the LC into and out of the
structure. Polarizers and analyzers can be used to provide intensity or phase modulation of the altered read beam. A typical
LCLV has a resolution of 40 to 60 line pairs/mm, a contrast ratio greater than 100:1, and a response time of 15 to 50 ms, limited
by the time response of the nematic  LC.
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Figure 14. Arl example of a liquid crystal light valve (LCLV)  spatial light modulator (SLM) {247],

2. Liquid crystal television (LCTV). The LCTV is a 90° twisted nematic Iicluid crystal sandwiched between two
parallel polarizers. When no electric field is applied, the plane of polarization for linearly polarized light is rotated through 90°
by the twisted LC molecules, and no light is transmitted through the second polarizer. Under  an applied electric field, the twist
of the liquid crystal molecules is altered, resulting in a greater fraction of the light maintaining the initial polarization direction
and thus passing through the second polarizer. The primary advantage of typical commercial I.CTVS is their low cost. However,
the light transmission efficiency is only about 4% and the maximum contrast is about 10, precluding their use in certain photonic
applications.

3. Silicon-based spatial light modulators (SLMS) [248,259]. Future high speed, parallel architecture computing
systems will take advantage of the attributes of both optical signal processin~.  and Si-based  digital signal processing. Toward that
end, work has been going on to integrate SLMS with Si CMOS technology. The principal challenge is mating the various
technologies on a single substrate so that one obtains a high performance SLM integrated with digital processing elements.
Various schemes have been proposed and attempted using both hybrid and monolithic concepts to integrate light modulators

.



with light detection and logic processing circuits. For those devices that propose using an liO modulator with standard photonic
devices, such as laser diodes and detectors, our discussion of radiation effects in modulators and other photonic  devices can be
referred to for relevant information. Other schemes involve more esoteric techniques using ferroelectric liquid crystals imbed-
ded in a Si substrate, and these applications must be considered in this section.

4. Magneto-optic (MO) SLMS [256]. These commercially available SLMS consist of a 2-dimensional array of MO
shutter elements made up of epitaxial layers of magnetic garnet on a nonmagnetic substrate. In the presence of a strong magnetic
field the shutter magnetic domains orient themselves along this field. When a linearly polarized light beam traverses the mag-
neto-optic element, its polarization direction changes due to the l:araday  effect. The polarization modulation of the light beam is
transformed to a light intensity modulation or to a phase modulation by a polarizer/analyzer combination placed on the two sides
of the SLM. These devices do not transmit a large fraction of the light beam even in the on-state. However, they are relatively
fast, and 128x 128 commercial MO SLMS have been run at 350 frames/second.

5. Microchannel SLM [258]. The MSLM is an optically addressed SLM consisting c)f a photocathode as an address-
ing material and an EO crystal such as LiNbOq as a modulating device in a vacuum sealed tube. The photocathode is used as a
2-dimensional photoelectric converter and a microchannel plate is used to multiply the 2-dimensional photoelectric signal that
impinges on the LiNbOj for EO modulation. The MSLM can operate at very low writirrp  light levels, but with a high readout
light intensity at the same wavelength. The MSLM can perform image acldition,  subtraction, thresholding and memory reten-
tion.

6. Electron beam addressed SLM [255]. In this device the electrical addressing device is the electron gun. The
electron beam, whose intensity is proportional to the electrical input signal, bombards an 110 crystal such as LiNbO~ and
modifies its optical properties so that the LiNbOq  can modulate a read light beam in proportion to the input electrical signal.

7. Electrically addressed ferroclectric  liquid crystal (FLC)  S1,M [241,250]. This SLM contains a thin layer of FLC
between two closely spaced glass electrodes. The FLC layer has two oplical axis orientations, both parallel to the electrode
plates but different in direction. These two optical axis states can be selected by voltages of opposite sign applied to the elec-
trodes. If the polarization of the normally incident light is parallel to one of the optic axes, the beam will be transmitted through
the FLC unaffected. Application of the opposite voltage switches the FLC optic axis so that as the incident beam passes through
the FLC, its polarization is rotated through 9@, Polarizers and/or analyzers can then bc used to produce an intensity or phase
modulated output beam. The advantages of the FLC SLM are small pixel size (17 mm x 17 mm) and high switching speed
(switching times as low as 20 ns).

While the above list represents a cross section of SLM types, there are many variations of SLMS, and the literature on
this subject has become enomlous. In spite of this, however, our brief review does allow us to draw some insights about the
effects of radiation on SLMS.

Radiation Effects on SLMS

It is not surprising that very little work has been done on radiation effects on SLMS. These devices represent a new field
of research and device development, and most SLMS are quite complex devices, as illustrated in Figure 14. Their complexity and
variety make it difficult to perform definitive radiation effects studies, and to interpret the results of such studies in a manner that
can be generalized and applied to a variety of SLMS. The following discussion reviews the work in the literature on radiation
effects on SLMS, and discusses the radiation effects implications of the ol~erating characteristics and structure of SLMS.

Early studies [262-264] of radiation effects on quartz, and LiNbO~ surface acoustic wave (SAW) delay lines investi-
gated displacement damage from neutrons, CO-60 gamma ray effects and tl ansient ionizing radiation effects. The results of these
studies indicated that the delay lines were essentially immune to permanent radiation effects, but that some devices exhibited a
response to high dose rate transient radiation bombardment. While the immunity of these devices to irradiation is encouraging,
one cannot conclude that state-of-the-art SAW devices would behave similarly because of the improved quality of more recent
devices, and because these were relatively simple delay lines rather than Iwrow  band devices such as resonators or filters.

More recently, Hines, et al [265] examined various types of quartz SAW resonators for total dose effects using a variety
of radiation sources. Several device characteristics were measured as a function of dose and no parameter showed any change



below 100 krads. Swept quartz substrate devices showed a negative shift in frequency at which a certain insertion loss is mea-
sured relative to a control device. However, these changes were small, even at 10 Megarads.  The non-swept quartz devices
showed much stronger positive frequency shifts to as much as 1 ?0 ppm at 10 Megarad of 40 MeV electron dose. While this is a
larger  change than the swept quartz devices, it is still much less than is typically exhibited by Si CMOS integrated circuits, even
those with relatively good radiation hardness. The authors suggested that the frequency shifts were due to radiation-induced
changes in the quartz surface material where the surface acoustic waves p] opagate through the crystal.

Recently, Taylor, et al [ 142,147,266] have examined radiation ef~ects on PbMoO1 AC) devices, and found in the first
study [266] that a transient x-ray pulse delivering 366 rad in 20 ns (1.8x 101” rad/see) caused an induced attenuation of about 2.5
dB for the optical signal traversing the AO grating device. Exposures at relatively low total dose levels near 9 krads at low dose
rates did not alter the properties of this AO grating.

Later studies [147,266] detected the pulsed radiation-induced shif[ in the Bragg diffracted optical beam from AO Bragg
grating devices fabricated from PbMoOq,  Te02 and lnP. As shown in Figure 15, exposure. of a PbMoOJ AO Bragg grating device

to pulse trains of 15 MeV electrons from a LINAC demonstrated that the position  of the diffracted optical beam shifts more and
more with dose (15 to 386 krads) away from the pre-irradiation beam position. These shifts were attributed to radiation induced
temperature increases in the active regions of the AO Bragg grating since lneasurements demonstrated that there was a signifi-
cant temperature rise following the pulse train. Interestingly, the authors checked for tenlpcrature-induced changes in the Bragg
angle, but found none. The authors also observed a decrease in diffraction efficiency with increasing dose and this was attributed
to the introduction of color centers.
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Taylor, et al [267] recently examined the effects of pulsed 15 Me\r electrons and CO-60 gamma rays on a ferroelectric
liquid crystal (FLC) light valve. This device was made up of glass cover plates enclosing the thin FLC layer. Transparent
conducting coatings of indiurn-tin-oxide (ITO) were used as electrical conductors on the glass plates. Exposure of these FLC
light valves to CO-60 irradiation up to a level of 67 krad showed no changes in characteristics of the FLC device. In contrast with
these results, for electron exposure, permanent attenuation was observed at doses above 66 kracl. No explanation was given for
the difference in response to CO-60 and 15 MeV electrons. It was also noted that because the light valve ‘could not be disas-
sembled for radiation studies, the authors were not able to tell in which part of the device the radiation-induced attenuation
occurred. The attenuation may have been due to darkening of the glass cove] plates, since onc does not expect changes in organic
based liquid crystal materials at doses as low as 100 krad. This is supported by recent electron irradiation studies of dispersions
of nematic liquid crystals in polymers [268].

,
7. CONC1,USIONS  AND RECOMMENDATIONS

In this Section we summarize our conclusions and recommendations for establishing radiation hardness assurance
(RHA)  for optical modulators, based on the technology assessment provided in previous Sections of this Review. We divide this
Section in the same manner as the earlier Sections, and begin with our recommendations for polymer-based modulators.

One general comment regarding all modulator categories is appl opriate:  as work progresses in the qualification of
modulators for application in radiation environments, there should be a clear separation between natural space environment
applications and requirements, and applications intended for nuclear weapons-related environments. This is necessary because
the latter environment will clearly be more difficult to satisfy. Dose rate and survivability requirements at very high dose rate

levels may be difficult to meet for all modulator types, while the natural space environnlent  does not include these highly
stressing requirements. Thus, many more materials and devices may be appropriate for the natural space environment than for
the weapons-related environment.

Polymer-based modulators

We strongly recommend that extensive radiation characterization of polymer materials and devices be undertaken for
three principal reasons. First, as we noted earlier, polymer-based waveguidcs  and modulators have many attractive features, not
the least of which is an excellent compatibility with semiconductor processing technolo~ies. Thus, one can anticipate that
polymer-based devices will find broad usage in future photonic systems, Second, in spite of their positive attributes, before these
devices can be employed in hardened systems their radiation response chariicteristics  must be thoroughly explored and defined.
We have emphasized that many of the properties of polymers in general, and NLO-active polymers in particular, are susceptible
to radiation effects. Third, the development of polymer waveguides and modulators is an emerging technology that still remains
to be fully matured. One aspect of this early stage of evohrtion is that there have been only a very few studies of the effects of
radiation on the material and device properties of polymer-based photonic devices, Another is that timely studies of radiation
effects can provide guidance for further development of the technology in those directions that will lead to hardened, high
reliability materials and devices. More specific recommendations are as follows:

1. Polymer-based materials, waveguides  and modulators selected for radiation characterization should be restricted to
those materials that have the highest reliability. In particular, FO devices that have the most stable poled state are the most
desirable. Generally, this implies that materials with high glass transition temperatures, Tg, should be selected for study. Of the
materials that we have mentioned in this review, polyamides presently come closest to satisfying this requirement.

2. As the technology is developed, alternative means, other than poling a polymel, for establishing permanent, strong
EO activity maybe developed, such as insertion of dopant molecules directly in the polymer structure in such a manner that the
resulting material is noncentrosymmetric. Any material that avoids the requirement of a highly stabilized poled state should be
seriously considered for radiation study.

3, Other things being equal, like the stability of the poled state, polymer hosts should be chosen for radiation study that
are most compatible with Si process technology. Here again, polyirnides  are desirable materials because they are already used in
advanced Si process technologies such as the fabrication of stacked, multichip module structures.

4. The very limited number of radiation effects studies [41,42] of polymer-based waveguides  and modulators indicates
that fairly basic studies must bc performed that emphasize the discovery and elucidation of the basic mechanisms of the effects



of radiation. As we have noted in this Review, the refractive index and the electro-optic coefficient are critical material param-
eters whose response to irradiation must be established.

S. Our Review suggests that there may be polymer EO structures that will actually improve with exposure to ionizing
radiation. We have seen that radiation can increase the refractive index of a polymer, and that greater stability of the poled state
can be achieved by radiation exposure following poling. Such possibilities should clearly be borne in mind as materials and
fabrication techniques are selected for radiation study.

6. A particularly attractive area for the application of polymer-ba$ed  modulators is the modulation of microwave sig-
nals. As we have noted, polymers are well-suited for these applications because the optical and microwave refractive indices are
essentially equal. As a result, successful modulation at several tens of {iHz has been achieved. Polymer-based microwave
traveling wave modulators and related test structures should be subjected to radiation with the intent of measuring the effects of
radiation on the devices and also on the optical and microwave refractive indices. If these two indices are affected at different
rates by radiation, either high dose rate or total dose, then there may be an observeci  reduction in the maximum frequency at
which modulation can be achieved.

7. A radiation effects study should be carried out that focuses or, the investigation of the response of various poling
parameters to radiation. A matrix of parameters should be selected, such as method of dopant incorporation, poling field, atmo-
sphere and temperature, post-poling treatment, and extent of post-poling cl-osslinking.  q’hen, the effects of radiation on a set of
EO-active samples in which these parameters are intentionally varied should be determined,

8, Once the radiation effects responses of polymer-based EO devices are well-characterized and established, then RHA
guidelines and device specifications should be developed for this important class of photonic devices.

9. Lastly, we conclude that in spite of the fact that this technology is not fully matured, it holds very exciting prospects
for applications in high reliability, hardened systems. The polymer-based modulator technology has many advantages, and
while susceptible to various types of radiation effects, generally large radiation doses arc required to cause significant changes.
Certainly, most of these radiation effects will occur at doses above typical natural space environment mission requirements. In
addition, we have seen that radiation is often used as a tool to improve the performance and quality of these materials and
devices. It should be emphasized also that the radiation effects community ~nust pay particular attention to the reliability aspects
of this technology so that hardness assurance and high reliability can be silnultaneously achieved.

Insulator-based modulators

Before listing specific recommendations based on our review of radiation effects in 1,iNbO~  and LiTaO~, we wish to
make two general recommendations. First, the very rapid recent progress and intense level of effort on the development of EO
devices in polymers and semiconductors suggests that these material classes may surpass I,iNbO1  and LiTaOq, even though the
latter materials enjoy a greater commercial availability at the present time. As we have already pointed out, there are inherent
advantages in using polymers and semiconductors compared with LINbO~ and LiTaO~ devices. Thus, the polymer and semicon-
ductor EO technologies may “leapfrog” those of LiNbOl and LiTaO~.  In addition, if LiNbO, and LiTaO~ are rapidly surpassed
by polymers and/or semiconductors in quality and capability, then their commercial availability may actually be significantly
less in the future. Thus, an effort should be made to determine as precisely as possible what the projected future of these devices
is and what role they will play in military and space systems. It is also important to note that the availability of these devices for
military applications will be influenced by the general commercial availability, which will be driven in turn by their attractive-
ness relative to polymer and semiconductor EO devices. An examination of the future general commercial viability of LiNbO~
and LiTaO~ F.O devices is outside the scope of this Review, but there is enough uncer%~inty in future directions to warrant
undertaking such an assessment before committing significant resources to hardening efforts on LiNbO~ and LiTaO~ EO de-
vices.

Second, with regard to an RHA effort in LiNbOl and LITaOJ EC) materials and devices, we recommend two broad
parallel efforts that will build on the work that has been done previously: 1 ) studies of the basic mechanisms of radiation effects,
including effects of various dopants and waveguide fabrication techniques, and 2) studies of radiation effects on state-of-the-art
EO devices. These efforts can be carried out simultaneously, and the results of the basic mechanisms studies should feed into
process modifications that will produce EO devices with greater radiation hardness assurance.
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Specific rccmnmendations  are as follows:

1. Except for applications with extremely high radiation requirements, our review indicates that the primary problem in
these materials is transient ionizing radiation effects that cause long lastiltg detrimental effects following the radiation pulse.
From this perspective, LiNbOl and LiTa03 EO devices are similar to fibers which also exhibit severe, long lasting transient
effects. We emphasize, however, that as material quality improves, these devices could become more sensitive to permanent
ionizing radiation effects so that observed total dose failure levels may become more of al] issue.

2. In order to determine the effects of various dopants and fabrication techniques on radiation susceptibility in LiNbO~
and LiTaOA  EO devices, studies should be carried out on high quality ma!erials  that have reproducible, consistent properties,
This requirement strongly argues for a teaming effort between a materials/device vendor and a radiation effects laboratory. The
test vehicle for conducting these studies should be sophisticated enough to examine several relevant properties, but simple and
straightforward enough to have some prospect of sorting out and interpreting the wirious observations. We recommend either a
directional coupler with electrodes or a Mach-Zkmder interferometer, or better yet, both types of structures. It has been shown
[162] that Mach-finder structures provide a definitive measure of photorefractive effects. We note that the activities at Phillips
Laboratory are in this direction, and we look forward to further progress fl om the PL Group.

3. Of particular importance in the basic radiation effects studies will be the effect of MgO and the comparison of
L~NbO~ with LITaOq. We have pointed out that MgO minimizes the photorcfractive effect and seems to prevent the introduction
of at least some of the radiation-induced absorption bands in LINbOj [ 156]. While several papers have compared LiNbOq  and
LiTaOl,  for various reasons noted above, it is still not clear which material is the least sensitive to ionizing radiation, although
one might anticipate that LiTaOi is harder because it is more immune to pbotorefractive  effects.

4. It is also not clear whether Ti-diffused  or proton-exchanged (PE) LiNbOJ is inherently the least susceptible to
radiation effects. Interesting comparisons should be possible by examininr radiation effects in devices with waveguides  fabri-
cated with these two techniques. lt is imperative that the starting material for both types of devices be the same in order to
eliminate other possible differences. Recall that in PE LiNbOl, the ordinary refractive index, n,,, actually decreases so that there
will be no waveguiding effect using this refractive index. For example, in z-cut material only the TM mode will be guided in a
PE-produced  waveguide.  Differences that are observed between the radiation responses of these. two types of waveguides should
allow one to more clearly identify radiation effects mechanisms.

5. It is imperative that radiation effects studies include the effects of bias on the response of the device to irradiation,
whether permanent or transient exposures are used. As we have pointed out, as yet there has been essentially no work done on
the effects of bias on radiation susceptibility. Although the exposure levels and dose rates in recent investigations are probably
higher than most practical program radiation requirements, the observation, that dramatic oscillations in waveguide output can
persist for minutes after a large radiation pulse warrants further attention. As in the case of fibers, a strong transient response that
lasts only as long as the radiation pulse, as in the case of photoluminescence, for example, is not nearly as detrimental as very
long term effects that linger after exposure to a pulse of radiation.

We have noted that electrodes are used to allow the degree of transfer of light from one guide to another to be select-
able. In the reverse-A~  switched coupler, bias can be applied to cause either no switchinS  or 100% switching. This ability to
“clamp” the amount of light transfer between guides may have. significant implicatiorm~for quickly removing the extended
oscillations that have been observed after pulsed irradiation. In addition, it nlay be possible $!o design a feedback circuit in which ?:
detected radiation-induced variations in light output are used to modify the voltage in order to hold the energy transfer constant
and independent of time following the radiation pulse.

6. We noted earlier the important new class of devices that employ rare earth dopants to achieve laser action within the
LiNbOj material. Because of their potential usefulness, these devices should be examined for radiation effects vulnerability.

7. Although not specifically reviewed herein, there are many types of very sophisticated and specialized LiNbOq  EO
devices being developed at various research laboratories and commercial vendors. Representative devices of this caliber should
be selected for radiation effects evaluation. Permanent total dose effects should be checked to be sure that these effects are only
observed at very high dose levels. Attention should then be given to transient effects in these devices. These tests will be complex
and should bc conducted by a team of device developers and radiation efi ects experts. Device functionality in typical circuit
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applications should be checked as well as parametric measurements to detect degradation in important parameters, both as a
function of dose and as a function of time after a radiation pulse, .

8. With regard to the issue of other types of radiation exposure, in IIarticular, neutron, proton or electron bombardment,
we do not see the need for studying permanent displacement damage effects due to neutrons or protons. As we have pointed out,
LiNbOJ and LiTaO~ are not pure materials with perfect lattice structures. Significant lattice damage effects due to neutrons will
only be observed at neutron fluence levels well above any conceivable program requirenlents. There also is no evidence to
suggest that one form of ionizing radiation is more appropriate than anothel. For example, as long as dosimetry is properly done
and charge yield is taken into account for proton irradiation, it should be possible to equilibrate proton and ‘Co irradiations to
detem]ine the effects of ionizing radiation. The device does not know the history of the deposited ionizing energy that creates
excess electron-hole pairs. -.

9. Although we have not discussed SiOz-based waveguides  and I:0 devices at any length, they pose interesting con-
trasts with regard to radiation hardness assurance. On the one hand, they are particularly attractive from an integration point of
view because of the well-established technology of CMOS Si devices. Ho~ever, it is also well-known that the Si/Si02 interface
is very susceptible to ionizing radiation damage. For waveguides  located near such interfaces, one can expect that the waveguide
properties will be perturbed by the sensitivity of this interface to radiation effects. However, we do recommend that the effect of
radiation on such waveguides  be examined in order to determine whether they are in fact as sensitive as one might expect them
to be.

I Semiconductor-based modulators

I
Our recommendations for radiation effects testing efforts in the area of III-V semiconductor modulators are based

primarily on our earlier comments relating previous radiation effects in III-V materials and devices to issues concerning modu-
lators. These recommendations are as follows:

1. Of paramount importance will be the determination of the effects of neutron and proton-induced displacement
damage on the QCS13, and modulators that depend on the QCSE for functionality. Relatively simple structures should be used so
that the various possible effects of displacement damage can be sorted out. We recommend using something similar to the
transverse electro-absorption  modulator described earlier (see Figure 11 ). In addition a structure should be used that would
allow recording of absorption spectra as a function of fluence.  The ability of the device to modulate an optical signal, including
measurement of the extinction ratio, should be studied as a function of bias and fluence.  The reverse bias electrical characteris-
tics of the p-MQWi-n diode should also be monitored as a function of fluence in order tc) detect changes in dark current.

2. For those modulator structures that contain biased p-i-n  diodes, it will be important to perform transient upset testing
to determine the response of the modulator to this environment, One can expect that large photocurrent pulses will be generated
in the p-i-n diodes by the transient ionizing radiation. In the various SEEDS, for example, the radiation pulse will produce the
same result as an intense controller light beam - large current flow will reduce the bias across the modulator portion of the
device. Because the SEED depends on feedback for its operation, it maybe possible. to design an error detection and correction
(EDAC)  circuit in which the photodiode detects the pulse and initiates a circumvention and correction procedure.

.

I 3. Similar to 2. above, we recommend single event testing of modulators containing biased p-i-r~ diodes. As in the case
of the 1773 fiber optic link [233] containing Si detectors, current pulses generated by single ions may produce false signals in the
optical information bit stream. EDAC techniques should also be applicable to this case.

We note that a more attractive and fundamental solution to the general issue of the sensitivity of photodetectors, and
modulators containing these devices, to transient ionizing radiation is to avoid first window (820 -900 nm) photonics that
employ Si detectors. Because Si is an indirect bandgap material, wide i regions are required in p-i+  photodiodes in order to
achieve satisfactory responsivity to light signals. However, in direct band gap materials like C~aAs and InGaAsP, sufficient
responsivity can be realized with much thinner active regions, which mil[imizes  the sensitivity to ionizing radiation pulses.
Thus, for radiation environments second (1300 nm) and third (1550 nm) window photonic  systems that use III-V detectors are
more appropriate [269,270]. An added benefit is that most fibers are less sensitive. to total dose at these longer wavelengths.
Fortunately, in the case of modulators, all of the photodetector structures we have mentioned above are, in fact, built in III-V
materials.



4. When integrated photonic circuits that contain modulators together with other photonic devices on a single Si sub-
strate, along with Si analog and digital electronics, become available, il will be important to perform total dose testing to
detem~ine if oxide-related effects in Si02 regions cause detrimental effects to overall circuit performance.

J

5. A fundamental study should be conducted of the effects of disjdacement damap,c on the refractive index in relevant
III-V material families like GaAs, AIGaAs,  InGaAsP and InGaAs.  In addition, absorption spectra over relevant wavelength
ranges should be measured. The fact that absorption effects and index effects are interrelated suggests that subtle and complex
results may be obtained that may have been difficult to predict. These results will also be affected by radiation-induced carrier
removal. . .

6. We have noted above that displacement damage causes a reduction in minority carrier lifetime, and that, in spite of
the fact that lifetimes in most 111-VS are much shorter than in Si, LED and laser diode degradation can be observed at relatively
low neutron (and proton) fluences. This effect is particularly strong in arnphoterically  Si doped (where Si is the dopant in both
p and n regions) GaAs devices because of the long minority carrier lifetime, approaching that of some Si devices, in these
materials. Therefore, modulator structures that contain phototransistors or other bipolar devices, should be avoided, or at least,
radiation effects testing should be done on such modulators.

I d

Spatial light modulators

1. With regard to radiation effects, two general attributes we can ascribe to SLMS are that these are complex devices,
making it difficult to sort out radiation effects mechanisms, and very little work has been done as yet on radiation effects in
SLMS. The complexity and variety of SLMS suggests that radiation effects studies will have to be done on a case-by-case basis,
and that it will be extremely difficult to derive general characteristics about radiation response that will be widely applicable to
many SLM types.

I
2. Many of the components that make up SLMS are similar to the modulator structures we have already discussed.

These materials and devices, and also liquid crystals, should be relatively hard to total dose ionizing radiation effects since they
are relatively imperfect materials.

I
3. An exception to the above statement is the class of SLMS that are based on Si substrates, and contain Si devices of

one sort or another. If in the process of integrating various types of device structures on a Si substrate, SiOz oxide isolation
techniques are used, then one should take care to detect oxide-related total dose effects which are well known to occur at
relatively low doses in commercial Si integrated circuits.

I 4. Perhaps the most susceptible radiation scenario is the exposure of an SLM to an intense transient pulse of ionizing
radiation while the device is being addressed or read. For those applications with a transient upset requirement, it would be
appropriate to study SLM behavior during and after exposure to a radiation pulse during which addressing ar-dor  reading of the
SLM is taking  place. Intense ionization may well  distort the addressing and reading processes.

I 5. Along the same lines, those SLMS, such as real time holograms, that are used for storing information, even tempo-
rarily, should be exposed to transient pulses to determine if the information contents of the storage elements are affected by
intense ionization.

I 6. It should be possible to study twisted liquid crystals as a function of radiation exposure. Does ionizing radiation alter
the physical configuration of these materials and the ability of bias to chanpe the physical arrangement of the molecules? These
are questions that are relevant but probably only to applications with transient pulse requirements and/or very high total dose
requirements.

I 7. SLMS containing GaAs components may be affected by neutron and/cJr proton-induced displacement damage ef-
fects. This would also be true of SLMS that contain standard photonic  elenlents such as microdot lasers or photodiodes.

I 8. Those SLMS that depend on Si photodiodes for their operation will be sensitive to pulsed ionizing radiation and
should be checked for these effects.

9. In the case of acousto-optic  devices, test structures should be designed that allow one to determine the effect of
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irradiation on the elastic and acoustic properties of the material without the interfering cffe.cts of radiation-induced changes in
optical properties. Certainly, one would expect the elastic properties of materials to be temporarily altered by intense transient
pulses of ionizing radiation. Care must be taken to insure that the observed effects are not clue to changes in some other external
parameter such as temperature.

10. Radiation effects tests of SLMS will be complicated to conduct and difficult to interpret. They should be carried out
with special attention to closely controlling all external parameters such a< temperature and bias. Such studies should be con-
ducted by teams of SLM experts from the SLM vendor, and radiation effects experts.
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